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Description

TECHNICAL FIELD

[0001] This invention relates to a ultra-low core loss grain oriented silicon steel sheet and a method of producing the
same, and more particularly it is to realize more improvement of core loss property together with an improvement of
compression stress in magnetostriction under low cost by forming an extremely thin Si-containing nitride-oxide layer on
a surface of final annealed silicon steel sheet or a surface of final annealed silicon steel sheet having a linear concave
region and forming a tension insulating film thereon.

BACKGROUND ART

[0002] The grain oriented silicon steel sheet is mainly used as a core of a transformer or other electrical apparatus
and is required to have a high magnetic flux density (represented by Bg value) and a low core loss (represented by
W,47,50) @s a magnetic property.

[0003] In order to improve the magnetic properties of the grain oriented silicon steel sheet, it is required to highly align
(001) axis of a secondary recrystallized grain in the steel sheet into a rolling direction on one hand, and it is required
to decrease impurities and precipitates remaining in a final product as far as possible on the other hand.

[0004] For this end, after a basic production technique of the grain oriented silicon steel sheet through two-stage cold
rolling has been proposed by N. P. Goss, many improvements for such a production technique are repeated to improve
the magnetic flux density and core loss value of the grain oriented silicon steel sheet every year.

[0005] Among them, there are typically a method described in JP-B-51-13469 using Sb and MnSe or MnS as an inhib-
itor and a method described in JP-B-33-4710, JP-B-40-15644, JP-B-46-23820 and the like using AIN and MnS as an
inhibitor. According to these methods, there was obtained a product having a high magnetic flux density that Bg exceeds
1.88T.

[0006] In order to obtain a product having a higher magnetic flux density, JP-B-57-14737 discloses the composite
addition of Mo to a starting material or JP-B-62-42968 discloses the application of quenching treatment after the inter-
mediate annealing just before final cold rolling after the composite addition of Mo to the starting material, whereby there
are obtained a high magnetic flux density that Bg is not less than 1.90T and a low core loss that core loss W75 is not
more than 1.05 W/kg (product thickness: 0.30 mm). However, there is left room to be further improved as to sufficient
reduction of core loss.

[0007] Particularly, it is considerably demanded to reduce power loss as far as possible since energy crisis before ten
several years, and it is desired to more improve the loss even in the application as an iron core material accompanied
therewith. For this end, many products thinning the product thickness to not more than 0.23 mm (9 mil) are used for
decreasing eddy current loss as much as possible.

[0008] The aforementioned techniques are mainly metallurgical methods. Besides these methods, there is developed
a method of reducing core loss (technique of finely dividing magnetic domain), in which the surface of the steel sheet
after the final annealing is subjected to a laser irradiation or a plasma irradiation to artificially decrease 180° magnetic
domain width (B. Fukuda, K. Sato, T. Sugiyama. A. Honda and Y. lto: Proc. of ASM Con. of Hard and Soft Magnetic
Materials, 8710-008, (USA), (1987)). The core loss of the grain oriented silicon steel sheet is largely reduced by the
development of such a technique.

[0009] However, this technique has a drawback that it is not durable to annealing at a higher temperature, so that there
is a problem that the application is restricted to only a laminated core type transformer not requiring strain relief anneal-
ing.

[0010] In this connection, a method wherein linear grooves are introduced in a surface of a steel sheet after the final
annealing of the grain oriented silicon steel sheet to finely divide magnetic domain through anti-magnetic field effect of
such grooves is industrialized as a finely magnetic domain dividing technique durable to strain relief annealing (H.
Kobayashi, E. Sasaki, M. Iwasaki and N. Takahashi: Proc. SMM-8., (1987), P.402).

[0011] Besides this technique, a method wherein the magnetic domain is divided by subjecting a final cold rolled sheet
of the grain oriented silicon steel sheet to a local electrolytic etching to from grooves (JP-B-8-6140) is also developed
and industrialized.

[0012] Apart from the aforementioned production methods of the silicon steel sheet, amorphous alloys are noticed as
a material for usual power transformer, high-frequency transformer or the like as disclosed in JP-B-55-19976, JP-A-56-
127749 and JP-A-2-3213.

[0013] However, a very excellent core loss property is obtained in such amorphous materials as compared with the
conventional grain oriented silicon steel sheet, but they have demerits in practical use that thermal stability is lack,
space factor is poor, cutting is not easy, and they are too thin and brittle to bring about a large cost up in the assembled
step of the transformer and hence it is not yet attained to use a greater amount of such materials at the present time.
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[0014] In addition, JP-B-52-24499 proposes a method wherein forsterite base film formed after the final annealing of
the silicon steel sheet is removed and the surface of the steel sheet is polished and then the surface of the steel sheet
is subjected to a metal plating.

[0015] In this method, however, a low core loss is obtained at a low temperature, but when it is subjected to a high
temperature treatment, the metal diffuses into the silicon steel sheet and there is a drawback that the core loss property
is rather degraded.

[0016] In order to solve the above problem, the inventors have disclosed in JP-B-63-54767 and the like that a ultra-
low core loss is obtained by forming one or more tension films selected from the group consisting of nitrides and car-
bides of Si, Mn, Cr, Ni, Mo, W, V, Ti, Nb, Ta, Hf, Al, Cu, Zr and B on the grain oriented silicon steel sheet smoothened
by polishing through CVD or a dry plating (PVD) such as ion plating, ion implantation or the like.

[0017] Although a very excellent core loss property as a material for power transformer, high-frequency transformer
or the like is obtained by such a production method, it can not be said to sufficiently respond to the recent demand for
the attainment of low core loss.

[0018] Therefore, the inventors have made fundamental reexaminations from all viewpoints for more reducing the
core loss as compared with the conventional one.

[0019] Thatis, in order to obtain a product having a ultra-low core loss by forming one or more tension films selected
from various nitrides and carbides on the smoothened surface of the grain oriented silicon steel sheet at a stabilized
step, the inventors became aware that it is required to conduct fundamental reexamination from raw material compo-
nents of the grain oriented silicon steel sheet to final treating step and have made various studies from a pursuit on a
texture of a silicon steel sheet to a smoothness of steel sheet surface or a final CVD or PVD treating step.

[0020] As a result, there are obtained the following knowledges.

(1) A thin ceramic film covered on the silicon steel sheet (use TiN film as a typical example) lessens the degree of
improving the core loss even when it is formed at a thickness of not less than 1.5 um. That is, TiN film having a
thickness of not less than 1.5 um can expect a slight improvement to the core loss and rather brings about the deg-
radation of space factor and magnetic flux density.

(2) In this case, TiN is more important to play a role for the adhesion property to the silicon steel sheet in addition
to the application of tension inherent to the ceramic. That is, when a lateral section of TiN is observed by means of
a transmission electron microscope (see Yukio Inokuti: Bulletin of The Japan Institute of Metals, 60(1996),
P.781~786), a lateral stripe of 10 nm is observed, which corresponds to 5 atom layer of Fe-Fe atom in [011] direc-
tion of the silicon steel sheet.

(3) When two-layer texture of TIN covered zone and chemical polished zone is simultaneously measured by X-ray
(see Y. Inokuti: ISIJ International, 36(1996), P.347~352), {200} peak form of Fe in the polished zone is circle. How-
ever, {200} peak form of Fe in the TiN covered zone is ellipsoid and is at a state of strongly applying tension in
[100]gi.steel direction of the silicon steel sheet.

(4) Tension of TiN film is 8~10 MPa (see Yukio Inokuti, Kazuhiro Suzuki, Yasuhiro Kobayashi: Bulletin of The Japan
Institute of Metals, 60(1996), P.674~678), from which the improvement of magnetic flux density of about
0.014~0.016T can be expected. (This corresponds to the improvement of degree of Goss orientation alignment of
about 1°)

Although the above is a novel knowledge to the ceramic coating, there are further obtained the following knowl-
edges to surface state of ceramic film and steel sheet.

(5) When the final cold rolled sheet of the silicon steel sheet is subjected to a local electrolytic etching to form
grooves and the surface of the steel sheet after the secondary recrystallization treatment is smoothened by polish-
ing and TiN ceramic film is coated thereon, the core loss is effectively reduced by fine division of magnetic domain
through the anti-magnetic field effect resulted from the formed grooves and further by the application of tension
through the ceramic film.

(6) The effect of reducing the core loss by tension when concave groove is formed on the surface of the steel sheet
prior to the ceramic coating is larger than that of the silicon steel sheet smoothened by usual polishing (see JP-B-
3-32889).

That is, when the groove is formed, a difference between tension through the coating on the groove forming
portion and tension through the coating on the portion not forming the groove or a different tension is applied to the
surface of the silicon steel sheet to increase the degree of reducing the core loss by such a tensile tension.

(7) When the ceramic film is coated on the silicon steel sheet having the concave grooves therein, the effect of
reducing the core loss is more effective than the case of smoothening by polishing and coating the ceramic film.

That is, the linear grooves are formed to finely divide the magnetic domain through the anti-magnetic filed
effect of these grooves and then the ceramic tension film is formed to further finely divide 180° main magnetic
domain, whereby the ultra-low core loss is more effectively obtained.

(8) When the grooves are formed by subjecting the final cold rolled sheet of the silicon steel sheet to local electro-
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lytic etching, even if TiN ceramic film is formed at a surface state that the surface of the steel sheet after the sec-
ondary recrystallization treatment is not smoothened by polishing, a considerable effect of reducing the core loss
is developed. That is, when the ceramic film having a small thermal expansion coefficient is coated even at a state
of being not smoothened by polishing, e.g. at a state of existing small irregularities on the surface through pickling
treatment or the like, it is possible to apply a strong tension to the surface of the silicon steel sheet, whereby the
core loss can advantageously be reduced.

[0021] Now, the inventors have made many experiments and examinations based on the above novel knowledge in
order to achieve a given object and found out that it is very effective to reduce the core loss when plural kinds of ceramic
tension films are formed on the surface of the silicon steel sheet in either case of the surface-smoothened silicon steel
sheet and the linear groove-formed silicon steel sheet and the thermal expansion coefficients of these ceramic tension
films are decreased toward the outside, and grain oriented silicon steel sheets having a very low core loss are newly
developed (specification of Japanese Patent Application No. 9-328042).

[0022] The thus obtained grain oriented silicon steel sheets are provided with a very thin ceramic tension film having
an excellent adhesion property and are possible to attain the ultra-low core loss and have an insulating property and
are excellent in the space factor, so that they are certainly said to be ideal silicon steel sheets.

[0023] However, the treatment in a high plasma atmosphere under vacuum is indispensable for forming such a dense
ceramic film. In this case, the ceramic film can not be formed at a high speed and the productivity is low, so that there
is remained a problem that the cost up is caused in the industrialization.

[0024] Besides this, Japanese Patent No. 2662482 and No. 2664326 recently propose low core loss grain oriented
silicon steel sheets having improved adhesion property to film and core loss by forming a composite film of oxidized Al-
oxidized B on the smoothened surface of the steel sheet.

[0025] However, the core loss value W47,5q of the silicon steel sheet formed by these methods is only about 0.77~0.83
W/kg in a product having a thickness of 0.2 mm, so that it should be said that there is left room to be improved because
the core loss value is merely the above extent though the product thickness is thinned.

DISCLOSURE OF THE INVENTION

[0026] The inventors have made again investigations with respect to the surface state of the silicon steel sheet and
further the tension insulating film formed on the surface thereof based on the above novel knowledge.

[0027] And also, there has examined the improvement of compression stress property of magnetostriction (hereinaf-
ter referred to as magnetostriction property simply).

[0028] Here, the magnetostriction of the silicon steel sheet is a phenomenon of elastically vibrating the steel sheet
when the steel sheet is magnetized, which is a greatest cause of noise in the transformer.

[0029] The magnetostriction behavior results from the fact that the magnetization course of the steel sheet includes
90° domain wall movement and rotation magnetization, so that the magnetostriction increases in accordance with com-
pression stress applied to the steel sheet. In the assembling of the transformer, compression stress is inevitably applied
to the steel sheet, so that the feature that tension is previously applied to the steel sheet is advantageous in view of
compression stress property of magnetostriction. Of course, the application of tension to the steel sheet effectively con-
tributes to improve the core loss in the grain oriented silicon steel sheet.

[0030] Heretofore, it is attempted to improve the magnetostriction property in the grain oriented silicon steel sheet by
adding tension with subscale (SiO,) formed on the surface of the steel sheet in decarburization and primary recrystal-
lization annealing prior to the secondary recrystallization, forsterite base film formed by a high temperature reaction in
the final annealing with an annealing separator mainly composed of MgO and tension insulating film formed thereon
and consisting essentially of phosphate and colloidal silica, but it can not be expected to sufficiently improve the mag-
netostriction property to a satisfactory extent by such a conventional method.

[0031] As a result of the above investigations, it has been found that if an interface layer including one or more nitride-
oxide selected from Fe, Si, Al and B is formed on the surface of the silicon steel sheet, when usual tension insulating
film of a phosphate is subsequently formed as a tension film, not only the core loss can considerably be reduced but
also the magnetostriction property can effectively be improved and further the improvement of production efficiency and
the reduction of the cost are attained.

[0032] Thatis, it has been found out that it is effective to form an extremely thin Si-containing nitride-oxide layer on
the surface of the steel sheet by adhering one or more elements selected from Fe, Si, Al and B, particularly Si at an
active state and subsequently exposing to a non-oxidizing atmosphere containing N or subjecting to a heat treatment
in a non-oxidizing atmosphere.

[0033] And also, it has been found that when a treating solution obtained by diluting a coating solution for the tension
insulating film with water prior to the formation of the tension insulating film consisting essentially of phosphate and col-
loidal silica and adding an inorganic compound including one or more selected from Fe, Si, Al and B to the diluted solu-
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tion is applied thinly to adhere the inorganic compound containing a slight amount of Fe or the like onto the surface of
the steel sheet and thereafter preferably subjected to a heat treatment in a non-oxidizing atmosphere, an extremely thin
film having fundamentally the same film components as the tension insulating film is formed and also the inorganic
compound existing in the film and including Fe or the like changes into nitride-oxide of Fe or the like having a high activ-
ity to strongly adhere to the surface of the steel sheet and hence the extremely thin film is formed on the surface of the
steel sheet under a high adhesion property. On the other hand, it has been found that since the extremely thin film is
the same as the tension insulating film formed thereon, the adhesion property of these films is very good and hence the
tension insulating film having a considerably excellent adhesion property as compared with the conventional one can
be formed on the surface of the steel sheet and as a result grain oriented silicon steel sheets having a very low core
loss and an excellent magnetostriction property can be produced in a high productivity under a low cost.

[0034] Further, it has been found that before the application of the treating solution obtained by adding a slight amount
of an inorganic compounds including one or more selected from Fe, Si, Al and B to a diluted solution of the coating solu-
tion consisting essentially of phosphate and colloidal silica with water, when the grain oriented silicon steel sheet is
immersed in an aqueous solution of SiCl, or a chloride consisting essentially of SiCly to dissolve the surface of the
matrix or the smoothening treatment or pickling treatment is carried out by using the aqueous solution containing SiCly,
the adhesion property of the base film to the steel sheet is more improved.

[0035] The invention is based on the above knowledge.

[0036] That is, the construction of the invention is as follows.

1. A ultra-low core loss grain oriented silicon steel sheet provided on its surface with a tension insulating film con-
sisting essentially of a phosphate and colloidal silica and having a thickness of 0.05~0.5 mm after the final anneal-
ing, characterized in that an interface layer including nitride-oxide of one or more selected from Fe, Si, Al and B is
provided at an interface between a matrix surface of the steel sheet and the tension insulating film.

2. A ultra-low core loss grain oriented silicon steel sheet according to claim 1, wherein the interface layer is an
extremely thin Si-containing nitride-oxide layer

3. A ultra-low core loss grain oriented silicon steel sheet according to claim 1, wherein the interface layer is an
extremely thin base film formed by finely dispersing nitride-oxide of one or more selected from Fe, Si, Al and B into
the same film components as the tension insulating film.

4. A ultra-low core loss grain oriented silicon steel sheet according to claim 1, 2 or 3, wherein the matrix surface of
the steel sheet is provided with linear concave regions having a width: 50~500 um and a depth: 0.1~50 um at an
interval of 2~10 mm in a direction crossing to a rolling direction.

5. A ultra-low core loss grain oriented silicon steel sheet according to claim 1, 2, 3 or 4, wherein the surface of the
grain oriented silicon steel sheet after the final annealing is a surface subjected to a smoothening treatment

6. A ultra-low core loss grain oriented silicon steel sheet according to claim 1, 2, 3 or 4, wherein the surface of the
grain oriented silicon steel sheet is a surface not subjected to a smoothening treatment but subjected to a pickling
treatment.

7. A method of producing a ultra-low core loss grain oriented silicon steel sheet, which comprises coating a solution
containing one or more compounds selected from Fe, Si, Al and B onto a surface of a grain oriented silicon steel
sheet having a thickness of 0.05~0.5 mm after the final annealing to from an interface layer containing at least a
slight amount of nitride-oxide of one or more selected from Fe, Si, Al and B, and then forming a tension insulating
film according to a usual manner.

8. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 7, wherein a
solution containing Si compound is used as the coating solution and this solution is coated onto the surface of the
grain oriented silicon steel sheet to adhere a slight amount of Si to the surface of the steel sheet at an active state.
9. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 8, wherein after
the slight amount of Si is adhered to the surface of the grain oriented silicon steel sheet at the active state by coat-
ing the solution containing Si compound, it is exposed to a N-containing non-oxidizing atmosphere.

10. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 7, wherein after
the slight amount of Si is adhered to the surface of the grain oriented silicon steel sheet at the active state by coat-
ing the solution containing Si compound, it is subjected to a heat treatment in a non-oxidizing atmosphere for a
short time to form nitride-oxide layer containing an extremely thin Si on the surface of the steel sheet

11. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 7, wherein a
treating solution obtained by adding a slight amount of an inorganic compound including one or more selected from
Fe, Si, Al and B to a diluted solution of a coating solution for tension insulating film consisting essentially of a phos-
phate and colloidal silica diluted with water is used as the coating solution and this treating solution is coated and
dried onto the surface of the grain oriented silicon steel sheet to adhere a slight amount of the inorganic compound
including one or more selected from Fe, Si, Al and B to the surface of the steel sheet.

12. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 11, wherein
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after the slight amount of the inorganic compound including one or more selected from Fe, Si, Al and B is adhered
to the surface of the steel sheet by coating the treating solution obtained by adding a slight amount of an inorganic
compound including one or more selected from Fe, Si, Al and B to a diluted solution of a coating solution for tension
insulating film consisting essentially of a phosphate and colloidal silica diluted with water, it is subjected to a heat
treatment in a non-oxidizing atmosphere for a short time to form an extremely thin base film formed by finely dis-
persing nitride-oxide of one or more selected from Fe, Si, Al and B into the same film components as the tension
insulating film on the surface of the steel sheet.

13. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 11 or 12,
wherein before the coating of the treating solution obtained by adding a slight amount of an inorganic compound
including one or more selected from Fe, Si, Al and B to a diluted solution of a coating solution for tension insulating
film consisting essentially of a phosphate and colloidal silica diluted with water, the grain oriented silicon steel sheet
is immersed in an aqueous solution of SiCl, or a chloride consisting essentially of SiCl, to dissolve a surface of a
matrix.

14. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 13, wherein
after the immersion treatment of the grain oriented silicon steel sheet in the aqueous solution of SiCl, or a chloride
consisting essentially of SiCly, the surface of the steel sheet is subjected to an exposure treatment exposing in N-
containing non-oxidizing atmosphere.

15. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to any one of claims
7~14, wherein linear concave regions having a width: 50~500 um and a depth: 0.1~50 um are formed on the matrix
surface of the steel sheet at an interval of 2~10 mm in a direction crossing to rolling direction.

16. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to any one of claims
7~14, wherein the surface of the grain oriented silicon steel sheet after the final annealing is a surface subjected to
a smoothening treatment.

17. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to any one of claims
7~14, wherein the surface of the grain oriented silicon steel sheet is a surface not subjected to a smoothening treat-
ment but subjected to a pickling treatment.

18. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 16 or 17,
wherein the smoothening treatment or the pickling treatment is carried out by using an aqueous solution containing
SiCly.

19. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 18, wherein
after the smoothening treatment or the pickling treatment using the aqueous solution containing SiCly, the surface
of the steel sheet is subjected to an exposure treatment exposing in N-containing non-oxidizing atmosphere.

[0037] The invention will concretely be described below.
[0038] Firstly, experimental results resulting in the invention are explained.

Experiment 1

[0039] A continuously cast slab of silicon steel having a composition of C: 0.068 wt%, Si: 3.33 wt%, Mn: 0.067 wt%,
Se: 0.020 wt%, Sb: 0.025 wt%, Al: 0.020 wt%, N: 0.0076 wt% and Mo: 0.013 wt% and the remainder being substantially
Fe is heated at 1350°C for 4 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 970°C for 3 minutes and rolled twice through an intermediate annealing at
1050°C to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0040] Thereafter, the final cold rolled sheet is treated as follows.

@ An etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold rolled
sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for 3 minutes. In this case, a resist
thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form linear
grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and
treating time: 20 seconds.

@ For the comparison, there is provided the final cold rolled sheet not subjected to the treatment of the item (@.

[0041] Thereafter, the steel sheets of the items (D and @ are subjected to decarburization and primary recrystalliza-
tion annealing in wet H, of 840°C, and a slurry of an annealing separator having a composition of MgO(20%),
Al,03(75%) and CaSiO3(5%) is applied to the surface of the steel sheet and annealed at 850°C for 15 hours and tem-
perature is raised from 850°C to 1150°C at a rate of 10°C/h to develop secondary recrystallized grains strongly aligned
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in Goss orientation and subjected to purification annealing in dry H, of 1200°C.

[0042]

The surface film of the thus obtained product is removed and then the surface of the silicon steel sheet is

smoothened by chemical polishing and thereafter subjected to one of three treatments mentioned below.

(A) After an extremely thin Si film of about 0.02 um in thickness is formed on the surface of the silicon steel sheet
by magnetron sputtering process (one of PVD processes), it is treated in a mixed gas of N5(50%) + Hy(50%) at
1000°C for 10 minutes. Thereafter, a tension insulating film (thickness of about 2 um) consisting essentially of col-
loidal silica and phosphate is formed on the surface of the steel sheet and baked at 800°C.

(B) The surface of the silicon steel sheet is treated in a mixed gas of SiCl4;+N,+H, at 950°C for 10 minutes (CVD
process). Thereafter, a tension insulating film (thickness of about 2 um) consisting essentially of colloidal silica and
phosphate is formed on the surface of the steel sheet and baked at 800°C.

(C) The silicon steel sheet is immersed in an aqueous solution of SiCls (0.5 mol/l) at 80°C for 10 seconds and
treated in a mixed gas of N5(50%) + Hx(50%) at 900°C for 10 minutes. Thereafter, a tension insulating film (thick-
ness of about 2 um) consisting essentially of colloidal silica and phosphate is formed on the surface of the steel

sheet and baked at 800°C.

[0043] The magnetic properties and adhesion property of the thus obtained products and further analytical values of
Si, O and N elements on the surface of the silicon steel sheet prior to the formation of the insulating film as measured
by X-ray photoelectron microscope spectroscopic apparatus (X-ray Photoelectron Spectroscopy, XPS process) are

shown in Table 1.

[0044]

In Table 1 is also shown results when the surface of the grain oriented silicon steel sheet is smoothened by
chemical polishing after the secondary recrystallization treatment is carried out by the methods D and @ and the sur-
face film is removed from the product and then a tension insulating film (thickness of about 2 um) consisting essentially
of colloidal silica and phosphate is formed on the surface of the steel sheet and baked at 800°C as a comparative exam-

ple.
Table 1
Treating Formation Magnetic properties Adhesion properties XPS analysis (count/sec)
condition of
extremely
thin layer
containing
Si
Bg (T) Wi7/50 bending * | evaluation Si N 0]
(W/kg)
@ A 1.91 0.59 20 mm O 22000 1200 5100
) 1.94 0.72 20 mm O - - -
Compara- none 1.91 0.80 > X 2000 280 800
tive of @
@ B 1.90 0.60 20 mm O - - -
() 1.94 0.73 30 mm O 18000 1300 4200
Compara- none 1.93 0.93 > X 1800 320 700
tive of @
@ C 1.91 0.59 20 mm O 13000 780 2300
(%) 1.94 0.73 20 mm O 12000 800 2200
Compara- none 1.93 0.95 * X 2900 330 900
tive of @

* Diameter (mm) causing no peeling of film by 180° bending on round rod.
** Measurement of adhesion property is impossible due to the peeling of film.

[0045]

As seen from the results of Table 1, it is possible to produce ultra-low core loss grain oriented silicon steel
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sheets having excellent magnetic properties and adhesion property when the annealing treatment in the non-oxidizing
atmosphere is carried out after the formation of the extremely thin Si on the silicon steel sheet to form the Si-containing
nitride-oxide layer on the surface of the silicon steel sheet (the increase of Si, N, O is characteristic in the measurement
of XPS, and a great amount of O is observed in spite of the treatment in the non-oxidizing atmosphere, and Si is easily
bonded to oxygen) and the tension insulating film is formed thereon.

[0046] As mentioned above, when the PVD method (A) and the CVD method (B) are adopted as a method of forming
Si film on the surface of the silicon steel sheet, they cause the cost-up in the industrial production, but the film thickness
becomes extremely thin, so that the cost can be reduced by thinned portion as compared with the conventional method.
[0047] Particularly, the method (C) is noticed.

[0048] That is, the method (C) has a merit capable of conducting the treatment very cheaply and efficiently because
it is enough to treat in the mixed gas of N»(50%) + H»(50%) at 900°C for 10 minutes after the immersion in the aqueous
solution of SiCly (0.5 mol/l) at 80°C for 10 seconds.

[0049] As this type of the conventional technique, there is proposed a method of forming an external oxidation type
oxide layer of SiO,, film on the polished surface of the silicon steel sheet in JP-A-60-131976, JP-A-6-184762 and JP-A-
9-78252.

[0050] However, the gist of these method is a method similar to the formation of sub-scale mainly composed of SiO,
through the treatment in wet H, in the decarburization-primary recrystallization annealing for removing harmful C in the
silicon steel sheet. Particularly, in the method of utilizing SiO, formed by such an oxidation treatment of the steel sheet,
it has already been pointed out that the effect of reducing the core loss through the minor formation of the silicon steel
sheet is lessened.

[0051] And also, JP-A-5-279747 proposes a method of forming an insulating film wherein an aqueous solution of lith-
ium silicate (LioO « nSiO,), sodium silicate (Na,O * nSiO,) or the like (water glass) is applied and baked as a base film
prior to the application of an insulating coating consisting essentially of colloidal silica and phosphate on the surface of
the grain oriented electromagnetic steel sheet.

[0052] In this method, however, Si compound used as a material for the base film is an oxide form such as SiO,, so
that it is hardly said that the adhesion property to the surface of the steel sheet or the binder effect to the surface of the
steel sheet is sufficient and hence there can not be obtained the good adhesion property to the film and hence the effect
of reducing the core loss as in the invention.

Experiment 2

[0053] A continuously cast slab of silicon steel having a composition of C: 0.076 wt%, Si: 3.42 wt%, Mn: 0.075 wt%,
Se: 0.020 wt%, Sb: 0.023 wt%, Al: 0.020 wt%, N: 0.0075 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1350°C for 4 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 1000°C for 3 minutes and rolled twice through an intermediate annealing at
1020°C to obtain a final cold rolled sheet of thickness: 0.23 um.

[0054] Thereafter, the final cold rolled sheet is treated as follows.

@ An etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold rolled
sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for 3 minutes. In this case, a resist
thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form linear
grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and
treating time: 20 seconds.

@ For the comparison, there is provided the final cold rolled sheet not subjected to the treatment of the item @ .

[0055] Then, these steel sheets are subjected to decarburization and primary recrystallization annealing in wet H, of
840°C, and thereafter a slurry of an annealing separator having a composition of MgO(15%), Al,05(75%) and
CaSiO3(10%) is applied to the surface of the steel sheet (), while a slurry of an annealing separator mainly composed
of MgO is applied to the surface of the steel sheet @, and then these sheets are annealed at 850°C for 15 hours and
temperature is raised from 850°C to 1150°C at a rate of 10°C/h to develop secondary recrystallized pains strongly
aligned in Goss orientation and subjected to purification annealing in dry H, of 1200°C.

[0056] Thereafter, the thus obtained steel sheets are subjected to the following treatment.

(a) The oxide film on the surface of the silicon steel sheet treated under the condition @ is treated with a mixed
pickling solution of HCI(10%) and H3PO,4(8%), immersed in an aqueous solution of SiCl, (0.02 mol/l) at 85°C for 30
seconds and then a tension insulating film (thickness of about 1.5 um) consisting essentially of magnesium phos-
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phate and colloidal silica is formed (800°C) on the surface of the steel sheet.

(b) After the oxide film on the surface of the silicon steel sheet treated under the condition @ is treated with
HCI(10%), it is chemically polished with 3% hydrofluoric acid and hydrogen peroxide, immersed in an aqueous
solution of SiCly (0.02 mol/l) at 85°C for 30 seconds and then a tension insulating film (thickness of about 1.5 um)
consisting essentially of magnesium phosphate and colloidal silica is formed (800°C) on the surface of the steel
sheet.

(c) On the surface of the silicon steel sheet provided with forsterite film treated under the condition @ is formed
(800°C) a tension insulating film (thickness of about 1.5 um) consisting essentially of magnesium phosphate and
colloidal silica.

[0057] The thus obtained silicon steel sheets are subjected to strain relief annealing at 800°C for 2 hours to obtain
product sheets.

[0058] As the magnetic properties of each product sheet are measured, the sheet (a) has Bg = 1.91T and W7/50 =
0.66 W/kg and the sheet (b) has Bg = 1.91T and W47/59 = 0.65 W/kg, which are very excellent as compared with the
conventional sheet (c) having Bg = 1.91T and W 7,59 = 0.73 W/kg.

[0059] And also, the compression stress property of magnetostriction in each product sheet is measured to obtain
results as shown in Fig. 1.

[0060] As shown in this figure, the increase of magnetic strain Ay, is hardly observed in the invention examples (a)
and (b) even when compression stress is increased to 0.7 kg/mm<, while in the conventional sheet (c), the magnetic
strain kpp rapidly increases when compression stress is not less than 0.35 kg/mmz, and the magnetic strain kpp indi-
cates a large value reaching to 3.2x108 when compression stress is 0.50 kg/mmz.

[0061] The reason why the compression stress property of magnetostriction is improved by forming an extremely thin
Si-containing nitride-oxide layer prior to the formation of the tension insulating film according to the invention is consid-
ered as follows.

[0062] Thatis, in the existing silicon steel sheet having forsterite base film, as shown in Fig. 2(a), many anchors made
of sulfide or nitride are existent just beneath the surface of the steel sheet (about 2~3 um), so that the movement of
magnetic domain is obstructed. When the forsterite base film of the silicon steel sheet is formed by solid phase reaction
between MgO and the sub-scale (SiO,) on the surface of the silicon steel sheet in the secondary recrystallization
annealing in Goss orientation, the adhesion property to the matrix is ensured by the presence of many anchors as men-
tioned above. For this end, the magnetic strain Ay, of the silicon steel sheet increases as compression stress is applied.
[0063] On the contrary, in the silicon steel sheet strongly adhered with the insulating film through the strong binder
effect of the extremely thin Si-containing nitride-oxide layer formed on the matrix surface according to the invention, the
movement of magnetic domain is easy and also tension is directly applied to the steel sheet, so that the compression
stress property of magnetostriction is effectively improved.

[0064] Moreover, it goes without saying that tensile stress applied to such a silicon steel sheet is effective to improve
not only the magnetostriction but also the core loss, and particularly the effect thereof is conspicuous in case of the
grain oriented silicon steel sheet having a high magnetic flux density highly aligned in Goss orientation.

Experiment 3

[0065] A continuously cast slab of silicon steel having a composition of C: 0.067 wt%, Si: 3.38 wt%, Mn: 0.077 wt%,
Se: 0.020 wt%, Sb: 0.023 wt%, Al: 0.021 wt%, N: 0.0078 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1340°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 980°C for 3 minutes and rolled twice through an intermediate annealing at
1030°C to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0066] Thereafter, the final cold rolled sheet is treated as follows.

@ An etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold rolled
sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for 3 minutes. In this case, a resist
thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form linear
grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and
treating time: 20 seconds.

@ For the comparison, there is provided the final cold rolled sheet not subjected to the treatment of the item ().

[0067] Thereafter, the steel sheets of the items (D) and @ are subjected to decarburization and primary recrystalliza-
tion annealing in wet H, of 840°C, and a slurry of an annealing separator having a composition of MgO(15%),
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Al,O3(75%) and CaSiO3(10%) is applied to the surface of the steel sheet and annealed at 850°C for 15 hours and tem-
perature is raised from 850°C to 1150°C at a rate of 12°C/h to develop secondary recrystallized grains strongly aligned
in Goss orientation and subjected to purification annealing in dry H, of 1220°C.

[0068] The surface film of the thus obtained product is removed and then the surface of the silicon steel sheet is
smoothened by chemical polishing and thereafter subjected to one of six treatments mentioned below.

(A) The silicon steel sheet is immersed in a treating solution of 80°C obtained by diluting 250 cc of a coating solu-
tion for tension insulating film consisting essentially of phosphate and colloidal silica with 1500 cc of distilled water
and further adding 25 cc of SiCl, solution to the diluted solution for 20 seconds, washed with water and dried.

(B) The silicon steel sheet is immersed in a treating solution of 80°C obtained by diluting 250 cc of a coating solu-
tion for tension insulating film consisting essentially of phosphate and colloidal silica with 1500 cc of distilled water
and further adding 25 cc of SiCl, solution and 25 g of FeCl; together to the diluted solution for 20 seconds, washed
with water and dried.

(C) The silicon steel sheet is immersed in a treating solution of 80°C obtained by diluting 250 cc of a coating solu-
tion for tension insulating film consisting essentially of phosphate and colloidal silica with 1500 cc of distilled water
and further adding 25 cc of SiCl, solution and 25 g of AIPO,4 * 3/2H,0 together to the diluted solution for 20 sec-
onds, washed with water and dried.

(D) The silicon steel sheet is immersed in a treating solution of 80°C obtained by diluting 250 cc of a coating solu-
tion for tension insulating film consisting essentially of phosphate and colloidal silica with 1500 cc of distilled water
and further adding 20 g of FeCls, 20 g of AI(NO3) and 10 g of H3BO3 together to the diluted solution for 20 seconds,
washed with water and dried.

(E) The silicon steel sheet is immersed in a treating solution of 80°C obtained by diluting 250 cc of a coating solu-
tion for tension insulating film consisting essentially of phosphate and colloidal silica with 1500 cc of distilled water
for 20 seconds, washed with water and dried.

(F) The silicon steel sheet is immersed in a treating solution of 80°C obtained by diluting 250 cc of a coating solution
for tension insulating film consisting essentially of phosphate and colloidal silica with 1500 cc of distilled water and
further adding 25 cc of SiCl, solution to the diluted solution for 20 seconds, washed with water and dried.

(G) After the final annealing, the oxide on the surface of the silicon steel sheet is removed by pickling.

[0069] Then, the silicon steel sheets treated in the items (A)~(E) are subjected to a heat treatment in a mixed gas of
N2(50%) + Hy(50%) at 950°C for 10 minutes.

[0070] Thereafter, a tension insulating film (thickness of about 2 um) consisting essentially of magnesium phosphate
and colloidal silica is formed (800°C) on the surface of the steel sheet.

[0071] The magnetic properties and adhesion property of the thus obtained products are measured to obtain results
as shown in Table 2.

10
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Table 2

Condition Treating method Magnetic properties Adhesion property Remarks

(solution consist- * (mm)

ing essentially of
phosphate and
colloidal silica)

Bg (T) Wi7/50 (W/kg)
-A SiCly : 50 cc 1.90 0.58 20 Invention Example
B

SiCly : 25 cc and 1.91 0.57 25 Invention Example
FeCl,:25¢g

-C SiCly : 25 cc and 1.90 0.59 20 Invention Example
AIPO,4:25¢g

-D FeCl;: 20 g, 1.91 0.59 20 Invention Example
Al(NO3)3 120 g
and H3BO3: 10 g

@-E no addition of 1.90 0.72 x (peeling) Comparative
inorganic com- Example
pound including
Si, Fe, Al, B

@dD-F - SiCly : 50 cc- no 1.90 0.60 25 Invention Example
annealing of
(Ho+N,) at 950°C
grain oriented sili-
con steel sheet

dD-G not subjected to 1.88 0.77 x (peeling) Comparative
chemical polish- Example
ing treatment or
the like grain ori-
ented silicon steel
sheet

@ -H not subjected to 1.93 0.88 30 Comparative
groove-forming Example
treatment

* Diameter (mm) causing no peeling by 180° bending.

[0072] As seen from the results of Table 2, in the invention examples of M-A~®-D, i.e. the cases wherein the silicon
steel sheet having a surface smoothened by chemical polishing surface is immersed in the treating solution obtained
by diluting the coating solution for tension insulating film consisting essentially of phosphate and colloidal silica with the
diluted water and adding a slight amount of the inorganic compound including Fe, Si, Al, B and the like, subjected to an
annealing treatment in a non-oxidizing atmosphere to form an extremely thin base film formed by finely dispersing one
or more nitride-oxide selected from Fe, Si, Al and B into components for tension insulating film on the surface of the
steel sheet and the tension insulating film consisting essentially of phosphate and colloidal silica is formed according to
usual manner, there can be obtained ultra-low core loss that the core loss is not more than 0.6 W/kg and an excellent
adhesion property that the diameter causing no peeling by 180° bending is not more than 15 mm.

[0073] Even in the case D-F wherein the diluted solution of the coating solution for tension insulating film added with
a slight amount of the inorganic compound including Fe, Si, Al, B is applied and the tension insulating film consisting
essentially of phosphate and colloidal silica is formed immediately according to usual manner with the omission of the
subsequent annealing treatment, there can be obtained excellent core loss property and adhesion property to the film
equal to those of the cases (D-A~®-D.

[0074] On the contrary, in the case D-F wherein the diluted solution of the coating solution for tension insulating film
not added with a slight amount of the inorganic compound including Fe, Si, Al, B is merely used as the treating solution
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for the base film, the effect of improving the core loss is observed by the smoothening treatment through the chemical
polishing, but the adhesion property is very poor and the peeling is rapidly caused in the bending test, so that it can not
be used as the silicon steel sheet.

[0075] And also, in the case (D-G wherein the chemical polishing and subsequent formation of the extremely thin
base film are not carried out, the improvement of the core loss is carried out only by the fine division of magnetic
domain, so that the core loss level of the silicon steel sheet is fairly poor as compared with that of the invention.
[0076] In Fig. 3 is shown the film structure of the grain oriented silicon steel sheet according to the invention (Fig. 3(c))
in comparison with those of the conventional grain oriented silicon steel sheets (Figs. 3(a), (b)).

[0077] Fig. 3(a) is a case that the tension insulating film consisting essentially of phosphate and colloidal silica is
merely formed on the surface of the grain oriented silicon steel sheet after the final annealing as disclosed in JP-A-5-
311353. In this case, the adhesion property between the silicon steel sheet and the insulating film comes into a great
problem, so that it is difficult to use as a practical product.

[0078] And also, Fig. 3(b) is a case that an extremely thin ceramic film of TiN, CrN or the like is formed on the surface
of the grain oriented silicon steel sheet smoothened by polishing through CVD or PVD and then a tension insulating film
is formed thereon as disclosed in JP-B-63-35686. This is very effective to reduce the core loss, but the plasma treat-
ment under high vacuum is required as previously mentioned, so that it is disadvantageous to bring about the cost-up.
[0079] On the contrary, in the invention example of Fig. 3(c), the extremely thin base film finely dispersed with a slight
amount of nitride-oxide of Fe, Si, Al and B is formed on the interface between the grain oriented silicon steel sheet and
the tension insulating film, so that the adhesion property to the silicon steel sheet is considerably improved and hence
it is considered that the application of tension by the tension insulating film is effectively conducted.

[0080] That is, according to the invention, nitride-oxide of Fe, Si, Al and B is finely dispersed into the extremely thin
base film to strongly adhere the base film to the matrix of the silicon steel, while since the main components of the base
film are the same as the tension insulating film formed thereon, the adhesion property between the base film and the
upper tension insulating film is good and hence the tension applying function of the upper tension insulating film can
sufficiently be developed by interposing the base film to attain the effect of more improving the core loss.

[0081] Therefore, it can be said that the extremely thin base film is good in the adhesion property to the matrix of the
silicon steel sheet and the adhesion property to the tension insulating film and is a film possessing an action of a binder
between the matrix of the silicon steel sheet and the tension insulating film.

[0082] As the extremely thin base film, it is important that such a film contains Fe, Si, Al, B and the like inform of
nitride-oxide. For this end, it is important to use a diluted solution obtained by diluting the usual coating solution for ten-
sion insulating film with water so as to facilitate the inorganic compound including Fe, Si, Al and B as a starting material
to nitride-oxide as the treating solution, and also it is important to make the thickness of the film as thin as possible while
satisfying the necessary thickness.

[0083] When the coating solution for tension insulating film is diluted as mentioned above, the feature that the inor-
ganic compound of Fe, Si, Al and B included in the diluted solution is easily converted into nitride-oxide by the subse-
quent heat treatment is shown in Table 3.

[0084] Table 3 shows analytical values of Fe, Si, N, O on the surface of the silicon steel sheet prior to the formation
of the tension insulating film as measured by X-ray photoelectron microscope spectroscopic apparatus (X-ray Photo-
electron Spectroscopy, XPS process). As shown in this table, a great amount of Fe, N, O is observed in the invention
example, and particularly a great amount of O is observed in spite of the treatment in the non-oxidizing atmosphere,
which shows that Fe easily bonds to oxygen. And also, Si somewhat increases, which is considered due to the fact that
colloidal silica in the base film is incorporated.

Table 3
Condition Treating method (solution XPS process (cps) Remarks
consisting essentially of
phosphate and colloidal
silica)
Fe Si N 0]
- SiCl, : 50 cc 1600 | 7000 | 800 | 1500 Invention Example

SiCly : 25 cc, FeCl3:25g | 3900 | 6500 760 1550 Invention Example

SIREIRE)
m|l w| >

no addition of inorganic 1300 | 5500 300 890 Comparative Example
compound including Si,
Fe, Al, B
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[0085] Further, Fig. 4 shows results of oxide composition in the nitride-oxide as measured by XPS process when the
extremely thin base film dispersed with nitride-oxide of Si is formed on the surface of the steel sheet by utilizing SiCl,
as an inorganic compound of Fe, Si, Al, B and the like.

[0086] As seen from this figure, the oxide formed by this method is noticed to be mainly composed of FeSiO3 (Clino-
ferrosilite) and Fe,SiO4 (Fayalite) (Moreover, the amount of FeSiO5 produced is larger than that of Fe,SiOy, strictly
speaking).

[0087] In this case, the above oxide is considered to be formed by the reaction of the following equation:

SiCly + 2H,0 + 2FeO — Fe,SiOy4 + 4HCI

[0088] And also, the above oxide is very dense different from the conventional SiO, sub-scale and such a dense oxide
produces together with fine nitride, so that it is considered to considerably improve the adhesion property as compared
with the conventional one.

Experiment 4

[0089] A continuously cast slab of silicon steel having a composition of C: 0.073 wt%, Si: 3.38 wt%, Mn: 0.070 wt%,
Se: 0.020 wt%, Sb: 0.025 wt%, Al: 0.020 wt%, N: 0.0078 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1340°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 1000°C for 3 minutes and rolled twice through an intermediate annealing at
1050°C to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0090] Thereafter, the final cold rolled sheet is treated as follows.

[0091] An etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold rolled
sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in a
direction substantially perpendicular to a rolling direction, and baked at 200°C for 3 minutes. In this case, a resist thick-
ness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form linear grooves
of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this case, the elec-
trolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating time: 20 sec-
onds.

[0092] Thereafter, the steel sheet is subjected to decarburization and primary recrystallization annealing in wet H, of
840°C, and a slurry of an annealing separator having a composition of CaO(20%), Al,03(60%) and SiO,(20%) is
applied to the surface of the steel sheet and annealed at 850°C for 15 hours and temperature is raised from 850°C to
1150°C at a rate of 10°C/h to develop secondary recrystallized grains strongly aligned in Goss orientation and sub-
jected to purification annealing in dry H, of 1220°C.

[0093] The surface film of the thus obtained product is removed and then the surface of the silicon steel sheet is
smoothened by chemical polishing and thereafter subjected to a treatment at a step mentioned below.

(A) step: The silicon steel sheet is immersed in an aqueous solution of SiCl, solution: 20 cc dissolved in 1500 cc of
a distilled water at 80°C for 1~90 seconds, and further immersed in a treating solution of 80°C formed by adding
SiCly solution: 30 cc, AIPO4: 20 g and H3PO3: 20 g together to a diluted solution formed by diluting a coating solu-
tion for tension insulating film consisting essentially of phosphate and colloidal silica: 250 cc with 1500 cc of a dis-
tilled water for 1~60 seconds, washed with water and dried.

(B) step: The silicon steel sheet is immersed in an aqueous solution of SiCly solution: 30 cc dissolved in 1500 cc of
a distilled water at 80°C for 1~90 seconds, and further immersed in a treating solution of 80°C formed by adding
SiCl, solution: 30 cc, AIPO4: 20 g and H3PO3: 20 g together to a diluted solution formed by diluting a coating solu-
tion for tension insulating film consisting essentially of phosphate and colloidal silica: 250 cc with 2000 cc of a dis-
tilled water for 1~60 seconds, washed with water and dried.

(C) step: The silicon steel sheet is immersed in an aqueous solution of SiCl, solution: 20 cc and FeCls: 10 g dis-
solved in 1500 cc of a distilled water at 80°C for 1~90 seconds, and further immersed in a treating solution of 80°C
formed by adding SiCl4 solution: 25 cc, FeCls: 15 g, AIPO4: 10 g and H3PO3: 10 g together to a diluted solution
formed by diluting a coating solution for tension insulating film consisting essentially of phosphate and colloidal sil-
ica: 250 cc with 1500 cc of a distilled water for 1~90 seconds, washed with water and dried.

[0094] Thereafter, the silicon steel sheets treated in the (A)~(C) steps are treated in a mixed gas of N,(50%) +
H,(50%) at 950°C for 10 minutes, respectively.

[0095] Then, a coating solution for tension insulating film consisting essentially of phosphate and colloidal silica is
applied onto the surface of the thus obtained steel sheet, dried and baked in N, gas at 800°C to form a tension insulat-
ing film having a thickness of 2.0 pm.
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[0096] A relation between core loss property W47,50 (W/kg) of each of the thus obtained products and amount of sheet
thickness decreased (both surfaces) before the application of the coating solution for tension insulating film is examined
to obtain results as shown in Fig. 5.

[0097] As seen from this figure, the effect of reducing the core loss W17/50 (W/kg) of the silicon steel sheet is con-
spicuous when the decreased amount of sheet thickness is within a range of 0.01~3.0 um in all of the (A), (B) and (C)
steps.

[0098] This reason is considered as follows.

[0099] That is, the silicon steel sheet is immersed in an aqueous solution of SiCl, or a chloride mainly composed of
SiCly prior to the formation of the base film to promote the surface reaction of the steel sheet to dissolve Fe component
on the surface of the steel sheet to a certain extent, whereby the activity and hence the adhesion property of the steel
sheet surface are enhanced. Then, fine nitride-oxide of Fe, Si, Al, B and the like in the base film strongly adheres to the
activated surface of the steel sheet, and such nitride-oxide serves as an anchor to improve the adhesion property
between the silicon steel sheet and the base film and at the same time improve the tension applying effect through the
tension insulating film formed thereon, whereby it is considered to obtain the ultra-low core loss.

[0100] The state of the interface between the above silicon steel sheet and the base film is considered to create a
phenomenon similar to the lateral stripes of about 10 nm observed in the interface of the TiN coated silicon steel sheet
of the above item (2) as observed by an electron microscope.

[0101] Intheinvention, itis theoretically impossible to create the thin interface layer approximately equal to TiN formed
by plasma treatment under vacuum of PVD, but it is noticed that the ultra-low core loss of the grain oriented silicon steel
sheet can be attained by activating the surface of the steel sheet cheaply without using such a vacuum plasma process.
[0102] And also, the decrease of the sheet thickness of 0.01~3.0 um with the chloride solution in the above silicon
steel sheet corresponds to a weight reduction of 0.0005~0.15 g.

[0103] Namely, in case of the plasma in the vacuum treatment, it is possible to create a just ideal mixed layer by cre-
ating the phenomenon similar to the lateral stripe of about 10 nm observed in the interface of the TiN coated silicon steel
sheet of the above item (2) by an electron microscope, but the surface of the steel sheet is activated by creating the
weight reduction of 0.0005~0.15 g in the silicon steel sheet without using the vacuum as in the invention, whereby the
fine nitride-oxide of Fe, Si, Al, B and the like is preferentially formed in the interface layer to attain the ultra-low core loss.

Experiment 5

[0104] A continuously cast slab of silicon steel having a composition of C: 0.069 wt%, Si: 3.42 wt%, Mn: 0.075 wt%,
Se: 0.020 wt%, Sb: 0.025 wt%, Al: 0.020 wt%, N: 0.0073 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1360°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 1020°C for 3 minutes and rolled twice through an intermediate annealing at
1050°C to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0105] Thereafter, the final cold rolled sheet is treated as follows.

[0106] An etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold rolled
sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in a
direction substantially perpendicular to a rolling direction, and baked at 200°C for 3 minutes. In this case, a resist thick-
ness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form linear grooves
of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this case, the elec-
trolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating time: 20 sec-
onds.

[0107] Thereafter, the steel sheet is subjected to decarburization and primary recrystallization annealing in wet H, of
840°C, and a slurry of an annealing separator having a composition of CaO(20%), Al,03(50%) and SiO5(30%) is
applied to the surface of the steel sheet and annealed at 850°C for 15 hours and temperature is raised from 850°C to
1150°C at a rate of 12°C/h to develop secondary recrystallized grains strongly aligned in Goss orientation and sub-
jected to purification annealing in dry H, of 1200°C.

[0108] The surface of the thus obtained silicon steel sheet having no forsterite film is treated at a step mentioned
below.

(A) step: The oxide on the surface of the steel sheet is removed by immersing in an aqueous solution (80°C) of
SiCly: 30 cc in 1500 cc of a distilled water for 1 minute.

(B) step: The oxide on the surface of the steel sheet is removed by immersing in an aqueous solution (80°C) of
SiCly: 20 cc and HCI: 20 cc in 1500 cc of a distilled water for 1 minute.

(C) step: The oxide on the surface of the steel sheet is removed by immersing in an aqueous solution (80°C) of HCI:
50 cc in 1500 cc of a distilled water for 1 minute.

(D) step: The oxide on the surface of the steel sheet is removed by immersing in an aqueous solution (80°C) of HCI:
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50 cc in 1500 cc of a distilled water for 0.5 minute and then chemical polishing is carried out in a mixed solution of
3% HF and 97% H,0,.

(E) step: After the treatment of the step (D), the same method as in the step (A) is carried out or the steel sheet is
immersed in an aqueous solution (80°C) of SiCly: 30 cc in 1500 cc of a distilled water for 20 seconds.

[0109] Thereafter, the silicon steel sheets treated at the above (A)~(E) steps are treated in a mixed gas of Hy(50%)
+ N5(50%) at 950°C for 10 minutes, immersed in a treating solution of 80°C formed by adding SiCl, solution: 25 cc,
FeCls: 15 g, AIPO4: 10 g and H3PO3: 10 g together to a diluted solution obtained by diluting a coating solution for ten-
sion insulating film on the surface of the silicon steel sheet consisting essentially of phosphate and colloidal silica: 250
cc in 1500 cc of a distilled water for 20 minutes, washed with water and dried.

[0110] Then, the steel sheet is subjected to a heat treatment in a mixed gas of N,(93%) + Hy(7%) at 900°C for 10
minutes.

[0111] Moreover, as (A') step, after the treatment of the (A) step, an extremely thin base film is formed on the surface
of the steel sheet by merely exposing in N atmosphere for 20 seconds without conducting the heat treatment in the
mixed atmosphere of H5(50%) + No(50%) for a short time and then conducting the same treatment as mentioned above
in a mixed gas of N5(93%) + Hy(7%).

[0112] Thereafter, a coating solution of tension insulating film consisting essentially of phosphate and colloidal silica
is applied onto the surface of the steel sheet and dried and baked in N, gas at 800°C to form a tension insulating film
having a thickness of 2.0 um.

[0113] The core loss property W47,59 (W/kg) and adhesion property of the thus obtained products are measured to
obtain results as shown in Table 4.

Table 4

Step Treating method Magnetic properties Adhesion property
(diameter causing no
peeling by 180° bending)

Bg (T) Wi7/50 (W/kg)

(A) Invention Example immersion in aqueous 1.91 0.63 20 mmyJ
solution containing SiCly
(30 cc) for 1 minute

(A") Invention Example after step (A), exposure 1.91 0.61 20 mmyJ
treatment in N-containing
non-oxidizing atmosphere

(B) Invention Example immersion in aqueous 1.91 0.65 25 mmJ
solution containing SiCly
(20 cc) and HCI (20 cc) for
1 minute

(C) Comparative Example | immersion in aqueous 1.90 0.78 % (peeling)
solution containing HCI (50
cc) for 1 minute

(D) Comparative Example | immersion in aqueous 1.91 0.70 % (peeling)
solution containing HCI (50
cc) for 0.5 minute and
chemical polishing in a
mixed solution of 3% HF
and 97% H202
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Table 4 (continued)

Step Treating method Magnetic properties Adhesion property
(diameter causing no
peeling by 180° bending)

Bg (T) Wi7/50 (W/kg)

(E) Invention Example immersion in aqueous 1.91 0.56 20 mmg
solution containing HCI (50
cc) for 0.5 minute and
chemical polishing in a
mixed solution of 3% HF
and 97% H,0, and further
immersion in aqueous
solution containing SiCly
(30 cc) for 20 seconds

[0114] As seen from Table 4, in the silicon steel sheets treated at the (A), (A"), (B) and (E) steps according to the inven-
tion, it is noticed that ultra-low core loss of 0.56~0.65 W/kg is obtained as the core loss W47/50 (W/kg) and the adhesion
property is good.

[0115] That s, it is noticed that it is possible to produce grain oriented silicon steel sheets having ultra-low core loss
and an excellent adhesion property by immersing a grain oriented silicon steel sheet having no forsterite film in an
aqueous solution containing SiCl and then subjecting to a pickling treatment Moreover, it is noticed that a particularly
better result is obtained by conducting the pickling treatment and the chemical polishing treatment as in the (E) step,
but ultra-low core loss of 0.63 W/kg and 0.61 W/kg as W47,59 (W/kg) is obtained even at the (A) and (A') steps not con-
ducting the chemical polishing.

[0116] Heretofore, there is adopted a method of reducing hysteresis loss of the silicon steel sheet by smoothening
the surface of the silicon steel sheet through chemical polishing, electrolytic polishing or the like.

[0117] However, the chemical polishing, electrolytic polishing methods have a great problem that the product yield is
poor and the polishing cost largely increases.

[0118] Inthe invention, itis noticed that the grain oriented silicon steel sheet having a ultra-low core loss and an excel-
lent adhesion property is obtained very cheaply only by subjecting a surface of a grain oriented silicon steel sheet hav-
ing no forsterite base film to immersion-pickling treatment in an aqueous solution containing SiCly.

[0119] In Fig. 6 is shown a result of N concentration in a surface portion of a steel sheet as measured by SIMS (Sec-
ondary lon Mass Spectroscopy) when the steel sheet after the final annealing is immersed in SiCl, solution (80°C) and
exposed in N atmosphere according to the (A') step as compared with the case of chemical polishing in a mixed solution
of 3% HF and 97% H,0, according to the (D) step.

[0120] As shown in this figure, it is noticed that when the steel sheet is immersed in the SiCl, solution and then
exposed in the N atmosphere, a considerably high N-enriched layer is formed on the surface of the steel sheet as com-
pared with the chemically polished material.

[0121] As being described based on Experiments 1~5, according to the invention, the interface layer such as nitride-
oxide layer of one or more selected from Fe, Si, Al and B or extremely thin base film formed by finely dispersing nitride-
oxide of one or more selected from Fe, Si, Al and B into the same film components as in the tension insulating film is
formed at the interface between the matrix surface of the silicon steel sheet and the tension insulating film, or further
prior to the formation of such an interface layer, the matrix surface is dissolved by immersing in an aqueous solution of
a chloride mainly composed of SiCl, or the smoothening treatment or pickling treatment is carried out by using the
aqueous solution containing SiCly, whereby the adhesion property of the film to the matrix surface can considerably be
improved and hence ultra-low core loss grain oriented silicon steel sheets having a considerably excellent core loss
property as compared with the conventional material and an excellent magnetostriction property can be obtained very
cheaply and in a high productivity.

[0122] As silicon-containing steel of a starting material according to the invention, any of conventionally known com-
positions are adaptable, and typical composition is mentioned as follows.

C: 0.01~0.08 wt%
[0123] When C amount is less than 0.01 wt%, the control of hot rolled texture is insufficient and a largely grown grains

are formed to degrade the magnetic properties, while when it exceeds 0.08 wt%, a long time is uneconomically taken
at decarburization step, so that it is favorable to be about 0.01~0.08 wt%.
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Si: 2.0~4.0 wt%

[0124] When Siamount is less than 2.0 wt%, sufficient electric resistance is not obtained and hence eddy current loss
increases to bring about degradation of core loss, while when it exceeds 4.0 wt%, brittle crack is easily caused in the
cold rolling, so that it is favorable to be within a range of about 2.0~4.0 wt%.

Mn: 0.01~0.2 wt%

[0125] Mn is an important element determining MnS or MnSe as a dispersion precipitate phase depending the sec-
ondary recrystallization of the grain oriented silicon steel sheet. When Mn amount is less than 0.01 wt%, an absolute
amount of MnS or the like required for causing the secondary recrystallization is lack and incomplete secondary recrys-
tallization is caused and at the same time surface defect called as blister increases. While, when it exceeds 0.2 wt%,
even if dissociation and solid solution of MnS and the like are carried out in the slab heating or the like, the dispersion
precipitate phase precipitated in the hot rolling is apt to be coarsened and optimum size distribution desired as an inhib-
itor is damaged to degrade the magnetic properties. Therefore, Mn is favorable to be about 0.01~0.2 wt%.

S: 0.008~0.1 wt%, Se: 0.003~0.1 wt%

[0126] Each of S and Se is favorable to be not more than 0.1 wt%, and preferably S is within a range of 0.008~0.1
wt% and Se is within a range of 0.003~0.1 wt%. When they exceed 0.1 wt%, hot workability and cold workability are
degraded, while when each of them is less than lower limit, a considerable effect is not caused in the function of con-
trolling primary grain growth as MnS, MnSe.

[0127] Besides, even when Al, Sb, Cu, Sn, B and the like conventionally known as an inhibitor are added together,
the effect of the invention is not obstructed.

[0128] The production steps of the ultra-low core loss grain oriented silicon steel sheet according to the invention will
be described below.

[0129] In order to melt the starting material, LD converter, electric furnace, open-hearth furnace and other known
steel-making furnaces can be used but also vacuum melting or RH degassing treatment may be used together.
[0130] According to the invention, S, Se or other primary grain growth controlling agent included in the starting mate-
rial can be added to molten steel in a slight amount by anyone of the conventionally known methods. For example, it
can be added in molten steel in LD converter, or after the completion of RH degassing or in the ingot making.

[0131] And also, in the production of a slab, it is advantageous to adopt a continuous casting method in view of eco-
nomical and technical merits such as cost reduction, uniformity of component or quality in longitudinal direction of the
slab, but the use of conventional ingot making slab is not obstructed.

[0132] The continuously cast slab is heated to a temperature of not lower than 1300°C for dissociation and solid solu-
tion of inhibitor in the slab. Thereafter, the slab is subjected to rough hot rolling and subsequently hot finish rolling to
obtain a hot rolled sheet having usually a thickness of about 1.3~3.3 mm.

[0133] Then, the hot rolled sheet is subjected to cold rolling twice through an intermediate annealing within a temper-
ature range of 850~1100°C, if necessary to a final sheet thickness. In this case, it is required to take a care on final cold
rolling ratio (usually 55~90%) for obtaining a product having properties such as high magnetic flux density and low core
loss.

[0134] From a viewpoint that eddy current loss of the silicon steel sheet is decreased as much as possible, the upper
limit of the product thickness is 0.5 mm, while the lower limit of the sheet thickness is 0.05 mm for avoiding deterioration
of hysteresis loss.

[0135] Particularly, when the linear grooves are formed on the surface of the steel sheet, it is advantageous to conduct
this formation to the steel sheet having a product thickness after the final cold rolling.

[0136] Thatis, linear concave regions having width: 50~500 um and depth: 0.1~50 um are formed on the surface of
the final cold rolled sheet or the steel sheet before and after secondary recrystallization at an interval of 2~10 mm in a
direction crossing to a rolling direction.

[0137] The reason why the interval between the linear concave regions is limited to 2~10 mm is due to the fact that
when it is less than 2 mm, the irregularities of the steel sheet become considerably conspicuous and the magnetic flux
density uneconomically lowers, while when it exceeds 10 mm, the effect of finely dividing magnetic domain becomes
smaller.

[0138] When the width of the concave region is less than 50 um, it is difficult to utilize the anti-magnetic field effect,
while when it exceeds 500 um, the magnetic flux density uneconomically lowers, so that the width of the concave region
is limited to a range of 50~500 pum.

[0139] When the depth of the concave region is less than 0.1 um, the anti-magnetic field effect can not effectively be
utilized, while when it exceeds 50 um, the magnetic flux density uneconomically lowers, so that the depth of the con-
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cave region is limited to a range of 0.1~50 um.

[0140] Moreover, the forming direction of the linear concave region is optimum to be a direction perpendicular to the
rolling direction or a widthwise direction of the sheet. However, substantially the same effect can be obtained when it is
within £ 30° to the widthwise direction.

[0141] As the method of forming the linear concave regions, a method wherein an etching resist is applied onto the
surface of the final cold rolled sheet by printing and baked and the etching treatment is conducted and thereafter the
resist is removed is advantageous as compared with the conventional method using a knife blade, a laser or the like in
a point that it can stably be carried out in industry and a point that the core loss can be reduced more effectively by ten-
sile tension.

[0142] A typical example of the technique for the formation of linear grooves through the above etching will be
described concretely below.

[0143] An etching resist ink mainly composed of alkyd resin is coated onto the surface of the final cold rolled sheet
by gravure offset printing so as to leave non-coated portions of width: 200 um at an interval: 4 mm in a direction sub-
stantially perpendicular to the rolling direction, and baked at 200°C for about 20 seconds. In this case, the resist thick-
ness is about 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching or a chemical
etching to form liner grooves having width: 200 um and depth: 20 um, and then it is immersed in an organic solvent to
remove the resist. In this case, it is favorable that the electrolytic etching conditions are current density: 10 A/dm? and
treating time: about 20 seconds in NaCl electrolyte, and the chemical etching condition is immersion time: about 10 sec-
onds in HNOj3 solution.

[0144] Then, the steel sheet is subjected to decarburization annealing. This annealing is to render the cold rolled
structure into a primary recrystallization structure and at the same time remove harmful C when secondary recrystal-
lized grains of {110} {(001) orientation are grown at a final annealing (which may be called as a final annealing), and is
carried out, for example, in a wet hydrogen at 750~880°C.

[0145] The final annealing is to sufficiently develop the secondary recrystallized grains of {110} (001) orientation,
and is usually carried out by raising temperature above 1000°C immediately in box annealing and holding this temper-
ature. Usually, the final annealing is carried out by applying an annealing separator such as magnesia or the like,
wherein a base film called as forsterite is simultaneously formed on the surface.

[0146] In the invention, however, even when the forsterite base film is formed, such a base film is removed at subse-
quent step, so that it is advantageous to use an annealing separator not forming the forsterite base film. That is, it is
advantageous to use an annealing separator wherein the content of MgO forming the forsterite base film is decreased
(not more than 50%) and the content of CaO, Al,O3, CaSiO3, SiO,, PbCl; or the like not forming such a film is increased
(not less than 50%).

[0147] In the invention, it is advantageous to conduct a temperature-holding annealing at a low temperature of from
820°C to 900°C for developing the secondary recrystallized texture highly aligned in {110} (001) orientation, but a
slow-heating annealing at a temperature rising rate of, for example, 0.5~15°C/h may be conducted.

[0148] After such a purification annealing, the forsterite base film or oxide film on the surface of the surface of the steel
sheet is removed by a chemical method such as conventionally known pickling or the like, a mechanical method such
as cutting, polishing or the like, or a combination of these methods, whereby the surface of the steel sheet is
smoothened.

[0149] That is, after the various films are removed from the surface of the steel sheet, the steel sheet surface is
smoothened to a center line average roughness Ra of about not more than 0.4 um by the conventional method being
chemical polishing such as chemical polishing, electrolytic polishing or the like, mechanical polishing such as buffing or
the like, or a combination thereof.

[0150] In the invention, it is not necessarily required to smoothen the surface of the silicon steel sheet. In this case,
therefore, there is a merit that the sufficient effect of reducing the core loss can be developed only by the pickling treat-
ment without the smoothening treatment accompanied with the cost-up. However, it is unchanged that the smoothening
treatment is advantageous.

[0151] At this stage, concaved grooves can be formed on the surface of the steel sheet. The formation of the groove
may be conducted by the same method as in the case of forming on the surface of the final cold rolled sheet or the steel
sheet before or after the secondary recrystallization.

[0152] According to the invention, the above treated steel sheet is subjected to the formation of nitride-oxide layer of
one or more selected from Fe, Si, Al and B as an interface layer prior to the formation of a tension insulating film on a
matrix surface of the silicon steel sheet.

[0153] In this case, an extremely thin Si-containing nitride-oxide layer is optimum as the above nitride-oxide layer.
[0154] A preferable method of forming the extremely thin Si-containing nitride-oxide layer is a method wherein a solu-
tion containing Si compound, e.g. a diluted aqueous solution containing SiCl, is applied onto the surface of the steel
sheet to adhere a slight amount of Si at an active state and a heat treatment is carried out in a non-oxidizing atmos-
phere for a short time.
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[0155] According to this method, a desired film can be obtained very cheaply and for a short time because a long-
time treatment at a high cost as in the treatment under vacuum in a high plasma atmosphere is not required.

[0156] As the atmosphere in the heat treatment for short time for forming the above nitride-oxide layer, a N-containing
non-oxidizing atmosphere is preferable for promoting nitriding, and an atmosphere of a (N,+H,) mixed gas is particu-
larly favorable.

[0157] And also, it is favorable that the treating temperature is about 80~1200°C (preferably about 500~1100°C) and
the treating time is about 1~100 minutes (preferably about 3~30 minutes).

[0158] Another preferable method is a method wherein the steel sheet is immersed in a solution containing Si com-
pound to adhere a slight amount of Si at an active state onto the surface and exposed in a N-containing non-oxidizing
atmosphere.

[0159] Since such an immersion treatment is usually carried out at a bath temperature of about 90°C, even when the
exposure in the N-containing non-oxidizing atmosphere is conducted after the immersion, the extremely thin nitride-
oxide layer containing Si is formed on the surface of the steel sheet.

[0160] The composition of the oxide in the nitride-oxide layer containing Si is mainly composed of FeSiO3 and
Fe,SiO4 as shown in Fig. 4. These oxides are very dense different from the conventional sub-scale of SiO, and these
dense oxides are produced together with fine nitride, so that it is considered to considerably improve the adhesion prop-
erty as compared with the conventional one.

[0161] In the invention, the above heat treatment for short time and exposure treatment in the N-containing non-oxi-
dizing atmosphere are not always required.

[0162] Because, even when the heat treatment for short time is not carried out, the Si-containing nitride-oxide layer
is preferentially formed on the surface of the steel sheet by a heat treatment in the subsequent formation of an insulating
film.

[0163] The Si-containing nitride-oxide layer is favorable to be about 0.001~0.1 um. When the film thickness is less
than 0.001 um, the sufficient adhesion property and hence the effect of reducing the core loss are not obtained, while
when it exceeds 0.1 um, the Si amount becomes too large and it is difficult to satisfactorily form the nitride-oxide layer
of Si and hence the improvement of not only the magnetic properties but also the adhesion property to the film are not
expected.

[0164] In order to obtain the above film thickness, the amount of the solution containing Si compound applied to the
steel sheet surface is dependent upon the concentration thereof, but is favorable to be about 0.001~2.0 g/m2. Itis more
preferably within a range of 0.01~1.0 g/mz.

[0165] As the application method, use may be made of any conventionally known methods such as immersion method
of immersing the steel sheet itself in a solution, electrolytic treating method and the like in addition to application by
means of usual roll coater or the like. The treating temperature may be room temperature, but it is preferable to treat in
a warm solution of about 50~100°C for more effectively conducting the adhesion.

[0166] As the Sicompound, all of compounds capable of adhering Si at an active state are advantageously adaptable,
and the preferable compound is SiCly.

[0167] In the invention, it is required to adhere Si onto the surface of the steel sheet at an active state, so that the
previously deactivated oxide or nitride is excluded as Si compound used.

[0168] In the other embodiment, after Si is thinly formed by PVD or CVD (Si content: about 0.001~0.2 g/m?), it is suf-
ficient to conduct a heat treatment in the non-oxidizing atmosphere for a short time.

[0169] Although the rise of the cost is unavoidable, the film thickness can be made extremely thin, so that the cost
can be decreased by the thinned thickness as compared with the conventional one.

[0170] As the PVD, vapor deposition, ion plating and the like are advantageously adaptable in addition to the above
magnetron sputtering method. In this case, the Si film may be crystalline or amorphous. In other words, it is sufficient
to be at an active state capable of bonding to N or O.

[0171] Thereafter, the coating solution for tension insulating film consisting essentially of a phosphate and colloidal
silica is coated onto the surface of the silicon steel sheet according to the usual manner and baked at 500~1000°C to
form a tension insulating film (film thickness: 0.5~5 pum).

[0172] As the coating solution for tension insulating film consisting essentially of phosphate and colloidal silica, there
are advantageously adapted a coating solution containing colloidal silica: 4~16 wt%, aluminum phosphate: 3~24 wt%
and chromic anhydride and/or chromate: 0.2~4.5 wt% as disclosed in JP-B-53-28375, and a coating solution containing
colloidal silica: 7~24 wt%, magnesium phosphate: 5~30 wt% (provided that a molar ratio of magnesium phosphate to
colloidal silica is 20/80~30/70), and if necessary, chromic anhydride, chromate and/or dichromate: 0.01~5 wt% as dis-
closed in JP-B-56-52117.

[0173] The case that the extremely thin base film is formed as an interface layer by finely dispersing nitride-oxide of
one or more selected from Fe, Si, Al and B into the same film components as the tension insulating film prior to the for-
mation of the tension insulating film on the matrix surface of the silicon steel sheet will be described below.

[0174] In the formation of such an extremely thin base film, a coating solution for tension insulating film consisting
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essentially of phosphate and colloidal silica is first diluted with water and a slight amount of an inorganic compound con-
taining one or more selected from Fe, Si, Al and B is added to the diluted solution to form a treating solution.

[0175] In the application onto the steel sheet surface, the above treating solution is directly applied onto the surface
of the silicon steel sheet, but the treating solution may be applied after an aqueous solution added with the inorganic
compound of Fe, Si, Al, B and the like is previously applied onto the steel sheet surface.

[0176] In this case, the coating solutions disclosed in JP-B-53-28375 and JP-B-56-52117 as mentioned above are
advantageously adapted as the coating solution for tension insulating film consisting essentially of phosphate and col-
loidal silica.

[0177] And also, the coating solution is favorable to be diluted to a diluting degree of about 0.1~60%, preferably
1~20% (for example, amount of diluting about 10~1000 cc of the coating solution into 1500 cc of water).

[0178] In the invention, it is necessary to change the inorganic compound of Fe, Si, Al, B and the like included in the
underground treating solution into nitride-oxide for forming the base film strongly adhered to the matrix, but when the
concentration of the underground treating solution is too thick, it is difficult to well change the inorganic compound into
nitride-oxide in the treating atmosphere (preferably mixed gas atmosphere of N5(50%) + H5(50%)) and it is effective to
dilute with a proper amount of water for effectively promoting nitriding-oxidation.

[0179] Further, the addition amount of the inorganic compound containing one or more selected from Fe, Si, Al and
B in the diluted solution is favorable to be about 5~500 g (about 0.001~0.5 mol/l) as the amount of the inorganic com-
pound.

[0180] Because, when the amount of the inorganic compound is too small, the effect can not be developed, while
when it is too large, the economical merit is not obtained and the film properties are rather degraded.

[0181] Among various inorganic compounds, it is particularly advantageous to use FeCl3, Fe(NO3)3 and the like as
Fe-containing inorganic compound, SiCly, Na,SiO3, SiO, and the like as Si-containing inorganic compound, AlCl3,
AI(NO3)3, AIPO,4 and the like as Al-containing inorganic compound, and H3BO3, NayB407 and the like as B-containing
inorganic compound.

[0182] After a slight amount of the inorganic compound of Fe, Si, Al, B and the like is adhered to the matrix surface
by applying the treating solution obtained by adding a slight amount of the inorganic compound of Fe, Si, Al, B and the
like to the diluted solution of the coating solution for tension insulating film onto the steel sheet surface and drying it as
mentioned above, it is subjected to a heat treatment in, preferably, a non-oxidizing atmosphere for a short time, whereby
an extremely thin base film finely dispersing nitride-oxide of Fe, Si, Al, B and the like into the tension insulating film com-
ponents is formed on the surface of the steel sheet.

[0183] Moreover, the invention does not necessarily require the heat treatment for short time as mentioned above.
Because, even when the heat treatment for short time is not carried out, the extremely thin base film finely dispersed
with nitride-oxide of Fe, Si, Al, B and the like as mentioned above is preferentially formed on the steel sheet surface by
subsequent heat treatment for the formation of the tension insulating film.

[0184] As the application method, use may be made of any conventionally known methods such as immersion method
of immersing the steel sheet itself in a solution, method of directly spraying or jetting the treating solution to the steel
sheet surface, electrolytic treating method and the like in addition to application by means of usual roll coater or the like.
The treating temperature may be room temperature, but it is preferable to treat in a warm solution of about 50~100°C
for more effectively conducting the adhesion. And also, in case of utilizing the immersion method, the immersing time
is desirable to be about 1~100 seconds.

[0185] In order to form fine nitride-oxide of Fe, Si, Al, B and the like on the surface of the steel sheet after the washing
with water and drying, it is more preferably subjected to a heat treatment in a non-oxidizing atmosphere for a short time.
[0186] As the treating atmosphere, N-containing non-oxidizing atmosphere is favorable for promoting nitriding, and
particularly atmosphere of (N,+H,) mixed gas and (NH3;+H-5) mixed atmosphere containing ammonia are preferable.
[0187] And also, it is favorable that the treating temperature is about 200~1200°C (preferably about 500~1000°C) and
the treating time is about 1~100 minutes (preferably about 3~30 minutes).

[0188] Thus, the extremely thin base film strongly adhered to the surface of the steel sheet can be formed under the
presence of nitride-oxide of Fe, Si, Al, B and the like finely dispersed in the film.

[0189] Moreover, the application amount of the underground treating solution is favorable to be about 0.001~0.5 g/m2.
After the application of such an amount, the heat treatment is carried out, whereby there can finally be obtained the
extremely thin base film having a preferable thickness of about 0.001~3.0 um.

[0190] Thereafter,the coating solution for tension insulating film consisting essentially of colloidal silica and phosphate
is coated onto the surface of the above extremely thin base film and baked at a temperature of 500~1000°C to from a
tension insulating film (thickness: 0.5~5 um).

[0191] In this case, the extremely thin base film is the same material as the tension insulating film formed thereon, so
that the adhesion property therebetween is very high and hence the tension insulating film having a considerably excel-
lent adhesion property as compared with the conventional one can be formed on the surface of the steel sheet. Thus,
the grain oriented silicon steel sheet having a very low core loss can be obtained in a high productivity and a low cost.
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[0192] In occasion, it is possible to use an insulating film consisting essentially of a phosphate and chromic acid and
containing no colloidal silica in the film as the insulating film.

[0193] And also, in order to more develop an inclination function to the silicon steel sheet, it is advantageous that usual
insulating film is first formed on the silicon steel sheet and then a tension insulating film is formed thereon.

[0194] A pretreatment prior to the formation of the extremely thin base film that the silicon steel sheet is immersed in
an aqueous solution of SiCly of a chloride mainly composed of SiCly to dissolve a surface of a matrix to a certain extent
will be described below.

[0195] The reason why the above pretreatment is carried out is due to the fact that the activity of the matrix surface
and hence the adhesion property are enhanced by dissolving Fe component on the surface of the matrix to a certain
extent as previously mentioned.

[0196] In this case, the preferable amount of the matrix surface to be dissolved is within a range of about 0.01~3.0
um as a decreased amount of sheet thickness (about 0.0005~0.15 g as a weight reduction amount) as shown in Fig. 5.
[0197] Moreover, the sheet thickness decreased amount is determined by only the pretreatment when the chloride
such as SiCly or the like is not used as the inorganic compound added to the treating solution in the subsequent forma-
tion of the base film. However, when the chloride is used as the inorganic compound, the matrix is somewhat dissolved
by the application of the treating solution for the formation of the base film. In the latter case, the sheet thickness
decreased amount is evaluated as a value after the treatment for the formation of the base film.

[0198] As the chloride other than SiCl,, MgCl,, CaCl,, SrCl,, BaCl, and the like are advantageously adaptable, but
TiCls, ZrCl4, NbCls, TaCls, CrCls, CoCls, NiCl,, CuCl,, ZnCls, TICI3 or the like may be used in a very slight amount.
[0199] Further, the aqueous solution of the chloride may be sprayed or jetted to the surface of the steel sheet instead
of the immersion treatment of the silicon steel sheet in the aqueous solution of the chloride.

[0200] After the above pretreatment, it is advantageous that the surface of the silicon steel sheet is subjected to so-
called exposure treatment exposing in N-containing non-oxidizing atmosphere.

[0201] Because, N enriched layer is formed on the surface of the steel sheet by such an exposure treatment (it is con-
sidered to form nitride-oxide layer of Si), which advantageously contributes to the improvement of the adhesion property
to the film.

[0202] And also, an annealing treatment in a non-oxidizing atmosphere above 500°C may be carried out instead of
the above exposure treatment.

[0203] Then, an extremely thin film finely dispersing nitride-oxide of one or more selected from Fe, Si, Al and B into
the same film components as the tension insulating film consisting essentially of phosphate and colloidal silica is
formed as a base film by the method as mentioned above.

[0204] As a base of the above extremely thin film, the tension insulating film consisting essentially of phosphate and
colloidal silica is not necessarily required, but the usual insulating film consisting essentially of phosphate and chromic
acid may be used.

[0205] There will be described a case that a pickling treatment or a smoothening treatment is carried out in an aque-
ous solution containing SiCly in case of the pickling treatment or further the smoothening treatment as a surface treat-
ment of the silicon steel sheet after the final annealing.

[0206] In this case, the SiCl, concentration in the aqueous solution used is desirable to be about 0.001~5.0 mol/l.
When the concentration is too thick, economical merit is not obtained, while when it is too thin, the treating effect is less-
ened.

[0207] In case of using SiCly, the incorporation of HCI, H3POy4, H,SO4, HF or the like as shown in the (B) step in Table
1, or the use of the other chloride compound, for example, addition of a small amount of FeCls, AICI3 or the like is not
obstructed.

[0208] Further, the aqueous solution containing SiCly is effective as an electrolyte, so that the surface of the silicon
steel sheet may be subjected to a weak electrolytic treatment. And also, it is possible to directly spray or jet the aqueous
solution onto the steel sheet instead of the immersion or electrolytic treatment.

[0209] After such a pretreatment, it is advantageous that the surface of the silicon steel sheet is subjected to so-called
exposure treatment exposing in N-containing non-oxidizing atmosphere.

[0210] Because, N enriched layer is formed on the surface of the steel sheet by such an exposure treatment (it is con-
sidered to form nitride-oxide layer of Si), which advantageously contributes to the improvement of the adhesion property
to the film.

[0211] And also, an annealing treatment in a non-oxidizing atmosphere above 500°C may be carried out instead of
the above exposure treatment.

[0212] Then, an extremely thin film finely dispersing nitride-oxide of one or more selected from Fe, Si, Al and B into
the same film components as the tension insulating film consisting essentially of phosphate and colloidal silica is
formed as a base film by the method as mentioned above.

[0213] As a base of the above extremely thin film, the tension insulating film consisting essentially of phosphate and
colloidal silica is not necessarily required, but the usual insulating film consisting essentially of phosphate and chromic
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acid may be used.

BRIEF DESCRIPTION OF THE DRAWINGS
[0214]

Fig. 1 is a graph showing magnetostriction of silicon steel sheet as a comparison between invention example and
conventional example;

Fig. 2 is a diagrammatic view showing a section near to surface as a comparison between the existing grain ori-
ented silicon steel sheet (Fig. 2a) and a grain oriented silicon steel sheet provided with a tension insulating film
formed on an extremely thin Si-containing nitride-oxide according to the invention (Fig. 2b);

Fig. 3 is a diagrammatic view showing a section near to surface as a comparison among the conventional grain ori-
ented silicon steel sheet obtained by merely forming a tension insulating film consisting essentially of phosphate
and colloidal silica on a surface of the grain oriented silicon steel sheet after final annealing (Fig. 3a), the conven-
tional grain oriented silicon steel sheet obtained by forming an extremely thin ceramic film of TiN, CrN or the like on
a smoothened surface of the grain oriented silicon steel sheet and further forming a tension insulating film thereon
(Fig. 3b), and a grain oriented silicon steel sheet according to the invention obtained by forming an extremely thin
base film finely dispersed with a slight amount of nitride-oxide of Fe, Si, Al, B and the like at an interface between
the grain oriented silicon steel sheet and the tension insulating film (Fig. 3c);

Fig. 4 is a graph showing an oxide composition in nitride-oxide of Si dispersed in the extremely thin base film;

Fig. 5 is a graph showing a relation between decreased amount of sheet thickness prior to the application of a coat-
ing solution for tension insulating film and core loss W47,50 (W/kg) of a product sheet; and

Fig. 6 is a graph showing a comparison of surface N concentration between chemical polished material and SiCl
material.

BEST MODE FOR CARRYING OUT THE INVENTION

Example 1

[0215] A continuously cast slab of silicon steel having a composition of C: 0.078 wt%, Si: 3.45 wt%, Mn: 0.076 wt%,
Se: 0.021 wt%, Sb: 0.025 wt%, Al: 0.024 wt%, N: 0.0073 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1350°C for 4 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.2 mm. Then, the hot rolled
sheet is subjected to normalization annealing at 1000°C and cold rolled twice through an intermediate annealing at
1050°C to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0216] After the decarburization and primary recrystallization annealing in wet H, of 850°C, a slurry of an annealing
separator having a composition of MgO(20%), Al,O3(70%) and CaSiO3(10%) is applied to the surface of the steel sheet
and annealed at 850°C for 15 hours and temperature is raised from 850°C to 1180°C at a rate of 12°C/h to develop sec-
ondary recrystallized grains strongly aligned in Goss orientation and subjected to purification annealing in dry H, of
1220°C.

[0217] The thus obtained silicon steel sheet is subjected to (@) a smoothening treatment through chemical polishing
or @ a pickling treatment with 10% HCI after the removal of oxide film from the surface.

[0218] Then, the silicon steel sheet is immersed in an aqueous solution (80°C) of SiCly (0.3 mol/l) for 10 minutes and
treated in a mixed gas of N,(50%) + H,(50%) at 950°C for 10 minutes. Thereafter, a tension insulating film (thickness
of about 2 um) consisting essentially of colloidal silica and phosphate is formed on the surface of the steel sheet and
baked at 800°C.

[0219] The magnetic properties, adhesion property and compression stress property of magnetostriction in the thus
obtained product are as follows.

@ In case of the smoothening treatment
[0220]
Magnetic properties  Bg: 1.95T
W17/50: 0.68 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

Magnetostriction magnetic strain kpp =0.8x 100 at compression stress 6 = 0.4 kg/mmz, magnetic strain kpp =11
x 108 at compression stress ¢ = 0.6 kg/mm2
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@ In case of the pickling treatment

[0221]

Magnetic properties  Bg: 1.94T
W17/50: 0.70 W/kg

Adhesion property good without peeling by 180° bending on around rod of diameter: 20 mm

Magnetostriction magnetic strain kpp =0.7x 100 at compression stress ¢ = 0.4 kg/mmz, magnetic strain kpp =1.2
x 107 at compression stress ¢ = 0.6 kg/mm2

[0222] For the comparison, after the decarburization and primary recrystallization annealing in wet H, of 850°C, a
slurry of an annealing separator mainly composed of MgO is applied to the surface of the steel sheet and annealed at
850°C for 15 hours and temperature is raised from 850°C to 1180°C at a rate of 10°C/h to develop secondary recrys-
tallized grains strongly aligned in Goss orientation and subjected to purification annealing in dry H, of 1200°C. There-
after, a tension insulating film (thickness of about 2 um) consisting essentially of colloidal silica and phosphate is formed
on a forsterite base film and baked at 800°C. The magnetic properties, adhesion property and compression stress prop-
erty of magnetostriction in the thus obtained grain oriented silicon steel sheet are measured to obtain results as follows.

Magnetic properties Bg: 1.95T
W17/50: 0.80 W/kg

Adhesion property no peeling by 180° bending on a round rod of diameter: 20 mm

Magnetostriction magnetic strain Ay, = 1.6 x 108 at compression stress 6 = 0.4 kg/mmz, magnetic strain Ay, = 5.3
x 10 at compression stress ¢ = 0.6 kg/mm?

Example 2

[0223] A continuously cast slab of silicon steel having a composition of C: 0.066 wt%, Si: 3.49 wt%, Mn: 0.072 wt%,
Se: 0.020 wt%, Sb: 0.025 wt%, Al: 0.022 wt%, N: 0.0068 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1340°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 950°C and cold rolled twice through an intermediate annealing at 1050°C to
obtain a final cold rolled sheet of thickness: 0.23 mm.

[0224] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 2 seconds. In this case, a
resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0225] After the decarburization and primary recrystallization annealing in wet H, of 840°C, a slurry of an annealing
separator having a composition of MgO(25%), Al,O3(70%) and CaSiO3(5%) is applied to the surface of the steel sheet
and annealed at 850°C for 15 hours and temperature is raised from 850°C to 1150°C at a rate of 10°C/h to develop sec-
ondary recrystallized grains strongly aligned in Goss orientation and subjected to purification annealing in dry H, of
1200°C.

[0226] The surface of thus obtained grain oriented silicon steel sheet is smoothened through chemical polishing after
the removal of oxide film from the surface of the silicon steel sheet.

[0227] Then, the silicon steel sheet is immersed in an aqueous solution (80°C) of SiCl, (0.3 mol/l) for 10 seconds and
treated in a mixed gas of N,(50%) + H,(50%) at 900°C for 10 minutes. Thereafter, a tension insulating film (thickness
of about 2 um) consisting essentially of colloidal silica and phosphate is formed on the surface of the steel sheet and
baked at 800°C.

[0228] The magnetic properties and adhesion property in the thus obtained product are as follows.

Magnetic properties Bg: 1.91T
W17/50: 0.59 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

[0229] And also, an extremely thin Si-containing nitride-oxide layer is formed on the surface of as-pickled steel sheet

without chemical polishing and then a tension insulating film of a phosphate is formed thereon. The magnetic properties
and adhesion property in the thus obtained product are as follows.
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Magnetic properties  Bg: 1.92T
W17/50: 0.64 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

Example 3

[0230] A continuously cast slab of silicon steel having a composition of C: 0.044 wt%, Si: 3.39 wt%, Mn: 0.073 wt%,
Se: 0.020 wt%, Sb: 0.025 wt% and Mo: 0.012 wt% and the remainder being substantially Fe is heated at 1340°C for 3
hours and hot rolled to obtain a hot rolled sheet of thickness: 2.4 mm. The hot rolled sheet is subjected to normalization
annealing at 900°C and cold rolled twice through an intermediate annealing at 950°C to obtain a final cold rolled sheet
of thickness: 0.23 mm.

[0231] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 20 seconds. In this case, a
resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0232] After the decarburization and primary recrystallization annealing in wet H, of 840°C, a slurry of an annealing
separator having a composition of MgO(25%), Al,O3(70%) and CaSiO3 (5%) is applied to the surface of the steel sheet
and subjected to a temperature-holding annealing at 850°C for 50 hours to develop secondary recrystallized grains
strongly aligned in Goss orientation and subjected to purification annealing in dry H, of 1200°C.

[0233] The surface of thus obtained grain oriented silicon steel sheet is smoothened through chemical polishing after
the removal of oxide film from the surface of the silicon steel sheet. Further, Si is formed at a thickness of 0.05 um by a
magnetron sputtering method and treated in a mixed gas of N,(50%) + H5(50%) at 1000°C for 15 minutes. Thereafter,
a tension insulating film (thickness of about 2 um) consisting essentially of colloidal silica and phosphate is formed on
the surface of the steel sheet and baked at 800°C.

[0234] The magnetic properties and adhesion property in the thus obtained product are as follows.

Magnetic properties  Bg: 1.88T
W17/50: 0.66 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

[0235] And also, an extremely thin Si-containing nitride-oxide layer is formed on the surface of as-pickled steel sheet
without chemical polishing and then a tension insulating film of a phosphate is formed thereon. The magnetic properties
and adhesion property in the thus obtained product are as follows.

Magnetic properties Bg: 1.88T
W17/5o: 0.68 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

Example 4

[0236] A continuously cast slab of silicon steel having a composition of C: 0.073 wt%, Si: 3.38 wt%, Mn: 0.078 wt%,
Se: 0.020 wt%, Sb: 0.025 wt%, Al: 0.020 wt%, N: 0.0077 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1340°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.3 mm. Then, the hot rolled
sheet is subjected to normalization annealing at 1000°C and cold rolled twice through an intermediate annealing at
1050°C to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0237] After the decarburization and primary recrystallization annealing in wet H, of 840°C, a slurry of an annealing
separator having a composition of MgO(20%), Al,03(50%), CaSiO3(10%) and PbCl,(20%) is applied to the surface of
the steel sheet and annealed at 850°C for 15 hours and temperature is raised from 850°C to 1180°C at a rate of 12°C/h
to develop secondary recrystallized grains strongly aligned in Goss orientation and subjected to purification annealing
in dry H, of 1220°C.

[0238] The thus obtained silicon steel sheet is subjected to (@) a smoothening treatment through chemical polishing
or @ a pickling treatment with 10% HCI after the removal of oxide film from the surface.

[0239] Then, the silicon steel sheet is immersed in an aqueous solution (85°C) of SiCl, (0.2 mol/l) for 0.5 minute and
thereafter a treating solution for an insulating coating consisting essentially of a phosphate and chromic acid and further
a treating solution for tension insulating coating consisting essentially of colloidal silica and a phosphate are applied and
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baked at 800°C to form a two-layer tension insulating film having a total thickness: about 2.0 um (0.5 um + 1.5 um).
[0240] The magnetic properties and adhesion property in the thus obtained product are as follows.

@ In case of the smoothening treatment
[0241]

Magnetic properties  Bg: 1.94T
W17/50: 0.71 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

@ In case of the pickling treatment
[0242]

Magnetic properties  Bg: 1.94T
W17/50: 0.73 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

Example 5

[0243] A continuously cast slab of silicon steel having a composition of C: 0.076 wt%, Si: 3.41 wt%, Mn: 0.078 wt%,
Se: 0.020 wt%, Sb: 0.025 wt%, Al: 0.020 wt%, N: 0.0072 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1340°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 950°C and cold rolled twice through an intermediate annealing at 1050°C to
obtain a final cold rolled sheet of thickness: 0.23 mm.

[0244] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 20 seconds. In this case, a
resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0245] After the decarburization and primary recrystallization annealing in wet H, of 840°C, a slurry of an annealing
separator having a composition of MgO(25%), Al,O3(70%) and CaSiO3(5%) is applied to the surface of the steel sheet
and annealed at 850°C for 15 hours and temperature is raised from 850°C to 1150°C at a rate of 10°C/h to develop sec-
ondary recrystallized grains strongly aligned in Goss orientation and subjected to purification annealing in dry H, of
1200°C.

[0246] The surface of thus obtained grain oriented silicon steel sheet is smoothened through chemical polishing after
the removal of oxide film from the surface of the silicon steel sheet.

[0247] Then, the silicon steel sheet is immersed in an aqueous solution (90°C) of SiCl, (0.8 mol/l) for 10 seconds in
a vacuum glow box while flowing N, gas into the box and then subjected to an exposure treatment in a nitrogen atmos-
phere for 5 seconds. After this method is repeated three times, a tension insulating film (thickness of about 2 um) con-
sisting essentially of colloidal silica and phosphate is formed on the surface of the steel sheet and baked at 820°C.
[0248] The magnetic properties and adhesion property in the thus obtained product are as follows.

Magnetic properties Bg: 1.91T
W17/50: 0.58 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

Example 6

[0249] A continuously cast slab of silicon steel having a composition of C: 0.076 wt%, Si: 3.38 wt%, Mn: 0.069 wt%,
Se: 0.020 wt%, Sb: 0.025 wt%, Al: 0.021 wt%, N: 0.0076 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1360°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.2 mm. Then, the hot rolled
sheet is subjected to normalization annealing at 1000°C and cold rolled twice through an intermediate annealing at
1050°C to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0250] After the decarburization and primary recrystallization annealing in wet H, of 850°C, a slurry of an annealing
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separator having a composition of MgO(20%), Al,O3(70%) and CaSiO3(10%) is applied to the surface of the steel sheet
and annealed at 850°C for 15 hours and temperature is raised from 850°C to 1180°C at a rate of 10°C/h to develop sec-
ondary recrystallized grains strongly aligned in Goss orientation and subjected to purification annealing in dry H, of
1200°C.

[0251] The thus obtained silicon steel sheet is subjected to D a smoothening treatment through chemical polishing
or @ a pickling treatment with 10% HCI after the removal of oxide film from the surface.

[0252] Then, the silicon steel sheet is immersed in a treating solution (80°C) obtained by diluting 250 cc of a coating
solution for tension insulating film consisting essentially of magnesium phosphate and colloidal silica with 1500 cc of a
distilled water and adding SiCl4: 20 cc, FeCls: 20 g and Al(NO3)3: 10 g to the diluted solution for 20 seconds and treated
in a mixed gas of N»(50%) + H5(50%) at 950°C for 7 minutes to form an extremely thin base film having a thickness: 0.2
um. Thereafter, a tension insulating film (thickness of about 2 um) consisting essentially of colloidal silica and phos-
phate is formed on the surface of the steel sheet and baked at 800°C.

[0253] The magnetic properties, adhesion property and compression stress property of magnetostriction in the thus
obtained product are as follows.

@ In case of the smoothening treatment
[0254]

Magnetic properties  Bg: 1.94T
W,47/50: 0.64 W/kg

Adhesion property good without peeling by 180° bending on a round rod of diameter: 25 mm

Magnetostriction magnetic strain Ay, = 0.8 x 108 at compression stress ¢ = 0.4 kg/mmz, magnetic strain A5, = 0.9
x 10 at compression stress ¢ = 0.6 kg/mm?

@ In case of the pickling treatment
[0255]

Magnetic properties  Bg: 1.93T
W17/50: 0.68 W/kg

Adhesion property good without peeling by 180° bending on a round rod of diameter: 25 mm

Magnetostriction magnetic strain Ay, = 0.7 x 10 at compression stress 6 = 0.4 kg/mmz, magnetic strain A,,=0.9
x 100 at compression stress ¢ = 0.6 kg/mm2

[0256] After the above product sheet is subjected to a strain relief annealing at 800°C for 3 hours, the magnetic prop-
erties are measured. As a result, the degradation of the properties is not observed in both cases (D and @ as shown
below.

@ Magnetic properties Bg: 1.94T

W17/50: 0.64 W/kg
@ Magnetic properties Bg: 1.93T

W17/50: 0.68 W/kg

[0257] For the comparison, after the decarburization and primary recrystallization annealing in wet H, of 840°C, a
slurry of an annealing separator mainly composed of MgO is applied to the surface of the steel sheet and annealed at
850°C for 15 hours and temperature is raised from 850°C to 1180°C at a rate of 10°C/h to develop secondary recrys-
tallized grains strongly aligned in Goss orientation and subjected to purification annealing in dry H, of 1200°C. There-
after, a tension insulating film (thickness of about 2 um) consisting essentially of colloidal silica and phosphate is formed
on a forsterite base film and baked at 800°C. The magnetic properties, adhesion property and compression stress prop-
erty of magnetostriction in the thus obtained grain oriented silicon steel sheet are measured to obtain results as follows.

Magnetic properties  Bg: 1.94T
W17/50: 0.76 W/kg

Adhesion property no peeling by 180° bending on a round rod of diameter: 20 mm

Magnetostriction magnetic strain kpp =1.6x 100 at compression stress ¢ = 0.4 kg/mmz, magnetic strain kpp =4.8
x 1078 at compression stress ¢ = 0.6 kg/mm2
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Example 7

[0258] A continuously cast slab of silicon steel having a composition of C: 0.069 wt%, Si: 3.42 wt%, Mn: 0.073 wt%,
Se: 0.020 wt%, Sb: 0.023 wt%, Al: 0.020 wt%, N: 0.0072 wt% and Mo: 0.013 wt% and the remainder being substantially
Fe is heated at 1360°C for 4 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 980°C and cold rolled twice through an intermediate annealing at 1050°C to
obtain a final cold rolled sheet of thickness: 0.23 mm.

[0259] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 20 seconds. In this case, a
resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0260] After the decarburization and primary recrystallization annealing in wet H, of 850°C, a slurry of an annealing
separator having a composition of MgO(20%), Al,O3(70%) and CaSiO3(10%) is applied to the surface of the steel sheet
and annealed at 850°C for 15 hours and temperature is raised from 850°C to 1150°C at a rate of 12°C/h to develop sec-
ondary recrystallized grains strongly aligned in Goss orientation and subjected to purification annealing in dry H, of
1200°C.

[0261] The surface of thus obtained grain oriented silicon steel sheet is smoothened through chemical polishing after
the removal of oxide film from the surface of the silicon steel sheet.

[0262] Then, the silicon steel sheet is immersed in an aqueous solution of SiCl,: 20 cc dissolved in 1500 cc of water
at 80°C for 10 seconds and treated in a mixed gas of N5(50%) + Hy(50%) at 950°C for 3 minutes. Thereafter, it is
immersed in a treating solution (80°C) obtained by diluting 250 cc of a coating solution for tension insulating film con-
sisting essentially of magnesium phosphate and colloidal silica with 1500 cc of a distilled water and adding SiCly: 20 cc,
AIPO4: 15 g and H3BO3: 19 g to the diluted solution for 20 seconds and treated in a mixed gas of N5(93%) + Hy(7%) at
900°C for 10 minutes to form an extremely thin base film having a thickness: 0.4 um. Thereafter, a tension insulating
film (thickness of about 2 um) consisting essentially of colloidal silica and phosphate is formed on the surface of the
steel sheet and baked at 800°C.

[0263] The magnetic properties and adhesion property in the thus obtained product are as follows.

Magnetic properties Bg: 1.91T
W17/50: 0.57 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

[0264] After the above product sheet is subjected to a strain relief annealing at 800°C for 3 hours, the magnetic prop-
erties are examined to obtain results as follows:

Magnetic properties Bg: 1.91T
W17/50: 0.57 W/kg

There is not observed the degradation of the magnetic properties through the strain relief annealing.

[0265] And also, the as-pickled steel sheet without chemical polishing is immersed in a treating solution (80°C)
obtained by diluting 250 cc of a coating solution for tension insulating film consisting essentially of magnesium phos-
phate and colloidal silica with 1500 cc of a distilled water and adding SiCly: 20 cc, AIPO4. 15 g and H3BO3: 19 g to the
diluted solution for 20 seconds and treated in a mixed gas of N»(93%) + Hy(7%) at 900°C for 10 minutes in the same
manner as described above. Thereafter, the tension insulating film is formed thereon. The magnetic properties and
adhesion property in the thus obtained product are as follows.

Magnetic properties Bg: 1.91T
W 7/50: 0.65 W/kg

Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

[0266] With respect to this product, the magnetic properties are examined after the strain relief annealing at 800°C
for 3 hours to obtain results as follows:

Magnetic properties Bg: 1.91T
W17/50: 0.65 W/kg
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There is not observed the degradation of the magnetic properties through the strain relief annealing.

Example 8

[0267] A continuously cast slab of silicon steel having a composition of C: 0.042 wt%, Si: 3.46 wt%, Mn: 0.070 wt%,
Se: 0.021 wt%, Sb: 0.025 wt% and Mo: 0.012 wt% and the remainder being substantially Fe is heated at 1340°C for 4
hours and hot rolled to obtain a hot rolled sheet of thickness: 2.4 mm. The hot rolled sheet is subjected to normalization
annealing at 900°C and cold rolled twice through an intermediate annealing at 950°C to obtain a final cold rolled sheet
of thickness: 0.23 mm.

[0268] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 20 seconds. In this case, a
resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0269] After the decarburization and primary recrystallization annealing in wet H, of 840°C, a slurry of an annealing
separator having a composition of MgO(25%), Al,O3(70%) and CaSiO3(5%) is applied to the surface of the steel sheet
and subjected to a temperature-holding annealing at 850°C for 50 hours to develop secondary recrystallized grains
strongly aligned in Goss orientation and subjected to purification annealing in dry H, of 1200°C.

[0270] The surface of thus obtained grain oriented silicon steel sheet is smoothened through chemical polishing after
the removal of oxide film from the surface of the silicon steel sheet. Further, the silicon steel sheet is immersed in a
treating solution (80°C) obtained by diluting 250 cc of a coating solution for tension insulating film consisting essentially
of aluminum phosphate and colloidal silica with 1500 cc of a distilled water and adding SiCl,: 50 cc to the diluted solu-
tion for 20 seconds and treated in a mixed gas of N5(50%) + H5(50%) at 950°C for 10 minutes to form an extremely thin
base film having a thickness: 0.6 um. Thereafter, a tension insulating film (thickness of about 2 um) consisting essen-
tially of colloidal silica and aluminum phosphate is formed on the surface of the steel sheet and baked at 800°C.
[0271] The magnetic properties and adhesion property in the thus obtained product are as follows.

Magnetic properties Bg: 1.88T
W17/50: 0.63 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 25 mm

[0272] And also, the extremely thin tension film finely dispersed with an oxide of Si is formed on the surface of the as-
pickled steel sheet without chemical polishing in the same manner as described above and thereafter the tension insu-
lating film of aluminum phosphate is formed thereon. The magnetic properties and adhesion property in the thus
obtained product are as follows.

Magnetic properties Bg: 1.88T
W17/50: 0.67 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm
With respect to this product, the magnetic properties are examined after the strain relief annealing at 800°C for 3 hours
to obtain results as follows:

[0273] In case of the smoothening treatment

Magnetic properties Bg: 1.88T
W17/50: 0.63 W/kg

[0274] In case of the pickling treatment

Magnetic properties Bg: 1.88T
W17/50 0.67 W/kg

Example 9

[0275] A continuously cast slab of silicon steel having a composition of C: 0.073 wt%, Si: 3.40 wt%, Mn: 0.072 wt%,
Se: 0.020 wt%, Sb: 0.023 wt%, Al: 0.019 wt%, N: 0.0074 wt% and Mo: 0.013 wt% and the remainder being substantially
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Fe is heated at 1340°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 1000°C and cold rolled twice through an intermediate annealing at 1050°C
to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0276] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 20 seconds. In this case, a
resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0277] After the decarburization and primary recrystallization annealing in wet H, of 840°C, a slurry of an annealing
separator having a composition of MgO(20%), Al,O3(70%) and CaSiO3(10%) is applied to the surface of the steel sheet
and annealed at 850°C for 15 hours and temperature is raised from 850°C to 1100°C at a rate of 12°C/h to develop sec-
ondary recrystallized grains strongly aligned in Goss orientation and subjected to purification annealing in dry H, of
1200°C.

[0278] The surface of thus obtained grain oriented silicon steel sheet is smoothened through chemical polishing after
the removal of oxide film from the surface of the silicon steel sheet.

[0279] Then, the silicon steel sheet is immersed in an aqueous solution of SiCly: 25 cc and AINO3: 5 g in 1500 cc of
water at 90°C for 40 seconds. Thereafter, it is immersed in a treating solution (80°C) obtained by diluting 250 cc of a
coating solution for tension insulating film consisting essentially of magnesium phosphate and colloidal silica with 1500
cc of a distilled water and adding SiCly: 20 cc, AIPOy4: 15 g and H3BO3: 10 g to the diluted solution for 20 seconds. Fur-
ther, a tension insulating film (thickness of about 1.5 um) consisting essentially of colloidal silica and magnesium phos-
phate is formed on the surface of the steel sheet and baked at 800°C.

[0280] The magnetic properties and adhesion property in the thus obtained product are as follows.

Magnetic properties Bg: 1.91T
W17/50: 0.59 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

Example 10

[0281] A continuously cast slab of silicon steel having a composition of C: 0.078 wt%, Si: 3.36 wt%, Mn: 0.070 wt%,
Se: 0.019 wt%, Sb: 0.022 wt%, Al: 0.019 wt%, N: 0.0076 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1340°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.2 mm. Then, the hot rolled
sheet is subjected to normalization annealing at 950°C and cold rolled twice through an intermediate annealing at
1000°C to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0282] After the decarburization and primary recrystallization annealing in wet H, of 840°C, a slurry of an annealing
separator having a composition of CaO(20%), Al,O3(40%) and SiO,(40%) is applied to the surface of the steel sheet
and annealed at 850°C for 15 hours and temperature is raised from 850°C to 1100°C at a rate of 10°C/h to develop sec-
ondary recrystallized grains strongly aligned in Goss orientation and subjected to purification annealing in dry H, of
1200°C.

[0283] The thus obtained silicon steel sheet is subjected to (@) a smoothening treatment through chemical polishing
or @ a pickling treatment with 10% HCI after the removal of oxide film from the surface.

[0284] Then, the silicon steel sheet is immersed in an aqueous solution of SiCly solution: 20 cc and SiO,: 5 g in 1500
cc of a distilled water at 80°C for 20 seconds and subjected to a heat treatment in a mixed gas of N5(50%) + H5(50%)
at 900°C for 5 minutes.

[0285] Thereafter, it is immersed in a treating solution (80°C) obtained by diluting 250 cc of a coating solution for ten-
sion insulating film consisting essentially of magnesium phosphate and colloidal silica with 1500 cc of a distilled water
and adding SiCly: 20 cc, AIPO4: 10 g and H3BOy4: 10 g to the diluted solution for 20 seconds. In this case, the weight
reduction is about 0.06 g or the sheet thickness decreased amount is about 1.2 um. Then, it is subjected to a heat treat-
ment in a mixed gas of N5(93%) + Hy(7%) at 900°C for 5 minutes to form a base film having a thickness: 0.3 um.
[0286] Thereafter, a coating solution for tension insulating film consisting essentially of colloidal silica and magnesium
phosphate is coated onto the surface of the steel sheet, dried and baked at 800°C to form a tension insulating film hav-
ing a thickness: 2 um.

[0287] The magnetic properties, adhesion property and compression stress property of magnetostriction in the thus
obtained product are as follows.
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@ In case of the smoothening treatment

[0288]

Magnetic properties  Bg: 1.93T
W17/50: 0.64 W/kg

Adhesion property good without peeling by 180° bending on a round rod of diameter: 15 mm

Magnetostriction magnetic strain kpp =0.8x 100 at compression stress ¢ = 0.4 kg/mmz, magnetic strain kpp =11
x 1078 at compression stress ¢ = 0.6 kg/mm2

@ In case of the pickling treatment
[0289]

Magnetic properties  Bg: 1.92T
W,47/50: 0.67 W/kg

Adhesion property good without peeling by 180° bending on a round rod of diameter: 15 mm

Magnetostriction magnetic strain Ay, = 0.9 x 106 at compression stress ¢ = 0.4 kg/mm2 magnetic strain Ap, = 1.2
x 10 at compression stress ¢ = 0.6 kg/mm2

Example 11

[0290] A continuously cast slab of silicon steel having a composition of C: 0.072 wt%, Si: 3.36 wt%, Mn: 0.071 wt%,
Se: 0.019 wt%, Sb: 0.023 wt%, Al: 0.019 wt%, N: 0.0073 wt% and Mo: 0.013 wt% and the remainder being substantially
Fe is heated at 1360°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 1000°C and cold rolled twice through an intermediate annealing at 1000°C
to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0291] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 20 seconds. In this case, a
resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0292] After the decarburization and primary recrystallization annealing in wet H, of 850°C, a slurry of an annealing
separator having a composition of MgO(5%), CaO(25%), Al,03(30%), CaSiO3(10%) and SiO,(30%) is applied to the
surface of the steel sheet and annealed at 850°C for 15 hours and temperature is raised from 850°C to 1050°C at a rate
of 12°C/h to develop secondary recrystallized grains strongly aligned in Goss orientation and subjected to purification
annealing in dry H, of 1200°C.

[0293] The surface of thus obtained grain oriented silicon steel sheet is smoothened through chemical polishing after
the removal of oxide film from the surface of the silicon steel sheet.

[0294] Then, the silicon steel sheet is immersed in an aqueous solution of SiCly: 15 cc and FeCl;: 10 g in 1500 cc of
a distilled water at 85°C for 10 seconds and treated in a mixed gas of N5(50%) + Hx(50%) at 950°C.

[0295] Thereafter, it is immersed in a treating solution (80°C) obtained by diluting 250 cc of a coating solution for ten-
sion insulating film consisting essentially of magnesium phosphate and colloidal silica with 1500 cc of a distilled water
and adding SiCly: 25 cc, AlICI3: 5 g and H3BOy4: 10 g to the diluted solution for 20 seconds. In this case, the weight
reduction is about 0.04 g or the sheet thickness decreased amount is about 0.8 um. Then, it is subjected to a heat treat-
ment in a mixed gas of N»(93%) + Hy(7%) at 900°C for 10 minutes to form a base film having a thickness: 0.2 pm.
[0296] Thereafter, a coating solution for tension insulating film consisting essentially of colloidal silica and magnesium
phosphate is coated onto the surface of the steel sheet, dried and baked at 800°C to form a tension insulating film hav-
ing a thickness: about 1.5 um.

[0297] The magnetic properties and adhesion property in the thus obtained product are as follows.

Magnetic properties  Bg: 1.90T
W17/50: 0.58 W/kg

Adhesion property good without peeling by 180° bending on a round rod of diameter: 10 mm

[0298] And also, the pretreatment, treatment for the formation of base film and treatment for the formation of tension

30



10

15

20

25

30

35

40

45

50

55

EP 0971 374 A1

insulating film are carried out on the surface of the as-pickled steel sheet without chemical polishing under the same
conditions as mentioned above. The magnetic properties and adhesion property in the thus obtained product are as fol-
lows.

Magnetic properties  Bg: 1.90T
W17/50: 0.64 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 10 mm

Example 12

[0299] A continuously cast slab of silicon steel having a composition of C: 0.042 wt%, Si: 3.36 wt%, Mn: 0.068 wt%,
Se: 0.022 wt%, Sb: 0.025 wt% and Mo: 0.012 wt% and the remainder being substantially Fe is heated at 1330°C for 4
hours and hot rolled to obtain a hot rolled sheet of thickness: 2.4 mm. The hot rolled sheet is subjected to normalization
annealing at 950°C and cold rolled twice through an intermediate annealing at 980°C to obtain a final cold rolled sheet
of thickness: 0.23 mm.

[0300] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 20 seconds. In this case, a
resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0301] After the decarburization and primary recrystallization annealing in wet H, of 840°C, a slurry of an annealing
separator having a composition of MgO(5%), Al,03(50%), CaSiO3(5%) and SiO,(40%) is applied to the surface of the
steel sheet and subjected to temperature-holding annealing at 850°C for 50 hours to develop secondary recrystallized
gains strongly aligned in Goss orientation and subjected to purification annealing in dry H, of 1200°C.

[0302] The surface of thus obtained grain oriented silicon steel sheet is smoothened through chemical polishing after
the removal of oxide film from the surface of the silicon steel sheet.

[0303] Then, the silicon steel sheet is immersed in an aqueous solution of SiCly: 15 cc dissolved in 1500 cc of a dis-
tilled water at 90°C for 15 seconds and treated in a mixed gas of N5(50%) + Hx(50%) at 900°C.

[0304] Thereafter, it is immersed in a treating solution (80°C) obtained by diluting 100 cc of a coating solution for ten-
sion insulating film consisting essentially of aluminum phosphate and colloidal silica with 1500 cc of a distilled water and
adding SiCly: 15 cc, AICI3: 5 g and H3BO3: 5 g to the diluted solution for 15 seconds. In this case, the weight reduction
is about 0.08 g or the sheet thickness decreased amount is about 1.6 um. Then, it is treated in a mixed gas of N5(93%)
+ Hy(7%) at 880°C for 3 minutes to form a base film having a thickness: 0.4 um.

[0305] Thereafter, a coating solution for tension insulating film consisting essentially of colloidal silica and phosphate
is coated onto the surface of the steel sheet, dried and baked at 800°C to form a tension insulating film having a thick-
ness: about 2.5 um.

[0306] The magnetic properties and adhesion property in the thus obtained product are as follows.

Magnetic properties Bg: 1.88T
W17/50: 0.63 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 15 mm

[0307] After the above product sheet is subjected to a strain relief annealing at 800°C for 3 hours, the magnetic prop-
erties are examined to obtain results as follows:

Magnetic properties Bg: 1.88T
W17/50: 0.61 W/kg

There is not observed the degradation of the magnetic properties through the strain relief annealing.

[0308] And also, the pretreatment, treatment for the formation of base film and treatment for the formation of tension
insulating film are carried out on the surface of the as-pickled steel sheet without chemical polishing under the same
conditions as mentioned above. The magnetic properties and adhesion property in the thus obtained product are as fol-
lows.

Magnetic properties  Bg: 1.88T
W17/50: 0.67 W/kg
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Adhesion property good without peeling by 180° bending on a round rod of diameter: 10 mm

Example 13

[0309] A continuously cast slab of silicon steel having a composition of C: 0.074 wt%, Si: 3.31 wt%, Mn: 0.076 wt%,
Se: 0.020 wt%, Sb: 0.023 wt%, Al: 0.020 wt%, N: 0.0071 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1340°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 1000°C and cold rolled twice through an intermediate annealing at 1000°C
to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0310] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 20 seconds. In this case, a
resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0311] After the decarburization and primary recrystallization annealing in wet H, of 850°C, a slurry of an annealing
separator having a composition of MgO(5%), CaO(25%), Al,03(30%), CaSiO3(10%), SiO,(30%) and PbCl,(20%) is
applied to the surface of the steel sheet and annealed at 850°C for 15 hours and temperature is raised from 850°C to
1050°C at a rate of 12°C/h to develop secondary recrystallized grains strongly aligned in Goss orientation and sub-
jected to purification annealing in dry H, of 1200°C.

[0312] The surface of thus obtained grain oriented silicon steel sheet is smoothened through chemical polishing after
the removal of oxide film from the surface of the silicon steel sheet.

[0313] Then, the silicon steel sheet is immersed in an aqueous solution of SiCly: 15 cc and FeClj: 5 g dissolved in
1500 cc of a distilled water at 85°C for 10 seconds.

[0314] Thereafter, it is immersed in a treating solution (80°C) obtained by diluting 250 cc of a coating solution for ten-
sion insulating film consisting essentially of magnesium phosphate and colloidal silica with 1500 cc of a distilled water
and adding SiCly: 15 cc, AICI3: 5 g and H3BOy: 5 g to the diluted solution for 20 seconds. In this case, the weight reduc-
tion is about 0.02 g or the sheet thickness decreased amount is about 0.4 um.

[0315] Then, a coating solution for insulating film consisting essentially of magnesium phosphate and chromic acid is
applied at a thickness of 0.5 um and further a coating solution for tension insulating film consisting essentially of colloi-
dal silica and magnesium phosphate is coated thereon, dried and baked at 800°C to form a tension insulating film hav-
ing a thickness: about 1.0 um.

[0316] The magnetic properties and adhesion property in the thus obtained product are as follows.

Magnetic properties Bg: 1.91T
W17/50: 0.63 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 10 mm

[0317] And also, the pretreatment, treatment for the formation of base film and treatment for the formation of tension
insulating film are carried out on the surface of the as-pickled steel sheet without chemical polishing under the same
conditions as mentioned above. The magnetic properties and adhesion property in the thus obtained product are as fol-
lows.

Magnetic properties Bg: 1.91T
W17/50: 0.67 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter 10 mm

Example 14

[0318] A continuously cast slab of silicon steel having a composition of C: 0.076 wt%, Si: 3.41 wt%, Mn: 0.078 wt%,
Se: 0.019 wt%, Sb: 0.025 wt%, Al: 0.020 wt%, N: 0.0076 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1350°C for 4 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 1000°C and cold rolled twice through an intermediate annealing at 1020°C
to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0319] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 20 seconds. In this case, a
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resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0320] After the decarburization and primary recrystallization annealing in wet H, of 840°C, a slurry of an annealing
separator having a composition of MgO(5%), CaO(25%), Al,03(30%), CaSiO3(10%) and SiO(30%) is applied to the
surface of the steel sheet and annealed at 850°C for 15 hours and temperature is raised from 850°C to 1050°C at a rate
of 12°C/h to develop secondary recrystallized gains strongly aligned in Goss orientation and subjected to purification
annealing in dry H, of 1200°C.

[0321] The surface of thus obtained grain oriented silicon steel sheet is smoothened through chemical polishing after
the removal of oxide film from the surface of the silicon steel sheet.

[0322] Then, the silicon steel sheet is treated in a vacuum glow box in N, gas atmosphere. That is, the silicon steel
sheet is immersed in an aqueous solution of SiCly: 25 cc and AINO3: 5 g dissolved in 1500 cc of a distilled water at 90°C
for 10 seconds and then exposed in N, gas atmosphere for 5 seconds. This treatment is repeated three times.

[0323] Thereafter, it is immersed in a treating solution (80°C) obtained by diluting 250 cc of a coating solution for ten-
sion insulating film consisting essentially of magnesium phosphate and colloidal silica with 1500 cc of a distilled water
and adding SiCly: 25 cc, AlICI3: 5 g and H3BOy4: 10 g to the diluted solution for 20 seconds. In this case, the weight
reduction is about 0.04 g or the sheet thickness decreased amount is about 0.8 um. Then, a coating solution for tension
insulating film consisting essentially of colloidal silica and magnesium phosphate is coated on the surface of the steel
sheet, dried and baked at 800°C to form a tension insulating film having a thickness: about 1.5 um.

[0324] The magnetic properties and adhesion property in the thus obtained product are as follows.

Magnetic properties  Bg: 1.90T
W17/50: 0.57 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

Example 15

[0325] A continuously cast slab of silicon steel having a composition of C: 0.075 wt%, Si: 3.47 wt%, Mn: 0.068 wt%,
Se: 0.020 wt%, Sb: 0.025 wt%, Al: 0.020 wt%, N: 0.0073 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1350°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.2 mm. The hot rolled sheet
is subjected to normalization annealing at 1000°C and cold rolled twice through an intermediate annealing at 1050°C
to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0326] After the decarburization and primary recrystallization annealing in wet H, of 840°C, a slurry of an annealing
separator having a composition of CaO(10%), Al,03(50%) and SiO,(40%) is applied to the surface of the steel sheet
and annealed at 850°C for 15 hours and temperature is raised from 850°C to 1100°C at a rate of 12°C/h to develop sec-
ondary recrystallized grains strongly aligned in Goss orientation and subjected to purification annealing in dry H, of
1200°C.

[0327] The thus obtained silicon steel sheet having no forsterite base film is subjected to a pickling treatment in an
aqueous solution of SiCl4: 50 cc dissolved in 1500 cc of a distilled water at 80°C for 60 seconds to remove the oxide
from the surface and treated in a mixed gas of N,(50%) + Hy(50%) at 950°C for 5 minutes.

[0328] Thereafter, it is immersed in a treating solution (80°C) obtained by diluting 250 cc of a coating solution for ten-
sion insulating film consisting essentially of magnesium phosphate and colloidal silica with 1500 cc of a distilled water
and adding SiCly: 20 cc, AIPO4: 10 g and H3BO4: 10 g to the diluted solution for 20 seconds and treated in a mixed gas
of No(93%) + Hy(7%) at 950°C for 5 minutes to form a base film having a thickness: 0.3 um.

[0329] Thereafter, a coating solution for tension insulating film consisting essentially of colloidal silica and magnesium
phosphate is coated on the surface of the steel sheet, dried and baked at 800°C to form a tension insulating film having
a thickness: about 2 pm.

[0330] The magnetic properties, adhesion property and magnetostriction property in the thus obtained product are
as follows.

Magnetic properties  Bg: 1.94T
W17/50: 0.62 W/kg

Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

Magnetostriction magnetic strain Ay, = 0.7 x 10 at compression stress ¢ = 0.4 kg/mmz, magnetic strain A,, = 1.2
x 1078 at compression stress ¢ = 0.6 kg/mm2
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Example 16

[0331] A continuously cast slab of silicon steel having a composition of C: 0.077 wt%, Si: 3.46 wt%, Mn: 0.070 wt%,
Se: 0.019 wt%, Sb: 0.025 wt%, Al: 0.020 wt%, N: 0.0074 wt% and Mo: 0.013 wt% and the remainder being substantially
Fe is heated at 1350°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 1000°C and cold rolled twice through an intermediate annealing at 1030°C
to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0332] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 20 seconds. In this case, a
resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0333] After the decarburization and primary recrystallization annealing in wet H, of 850°C, a slurry of an annealing
separator having a composition of MgO(5%), CaO(25%), Al,03(30%), CaSiO3(10%) and SiO,(30%) is applied to the
surface of the steel sheet and annealed at 850°C for 15 hours and temperature is raised from 850°C to 1050°C at a rate
of 12°C/h to develop secondary recrystallized grains strongly aligned in Goss orientation and subjected to purification
annealing in dry H, of 1220°C.

[0334] The surface of the thus obtained silicon steel sheet having no forsterite film is treated under the following two
conditions.

@ ltis immersed in an aqueous solution of SiCl,: 45 cc and FeCls: 10 g dissolved in 1500 cc of a distilled water at
85°C for 60 seconds.

@ Asdter the treatment of the item (D, the surface of the steel sheet is further subjected to chemical polishing with
a mixed solution of (3% HF + 97% H,0,).

[0335] Then, each of the steel sheets is immersed in an aqueous solution of SiCly: 20 cc dissolved in 1500 cc of a
distilled water at 80°C for 20 seconds and subjected to a heat treatment in a mixed gas of N5(50%) + H»(50%) at 950°C.
[0336] Thereafter, a coating solution for tension insulating film consisting essentially of colloidal silica and magnesium
phosphate is coated on the surface of the steel sheet, dried and baked at 800°C to form a tension insulating film having
a thickness: about 1.5 pm.

[0337] The magnetic properties and adhesion property in the thus obtained product are as follows.

Silicon steel sheet treated under the condition
[0338]

Magnetic properties Bg: 1.91T
W17/50: 0.62 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

Silicon steel sheet treated under the condition @
[0339]

Magnetic properties Bg: 1.91T
W17/50: 0.57 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

Example 17

[0340] A continuously cast slab of silicon steel having a composition of C: 0.044 wt%, Si: 3.37 wt%, Mn: 0.069 wt%,
Se: 0.021 wt%, Sb: 0.024 wt% and Mo: 0.012 wt% and the remainder being substantially Fe is heated at 1320°C for 4
hours and hot rolled to obtain a hot rolled sheet of thickness: 2.4 mm. The hot rolled sheet is subjected to normalization
annealing at 950°C and cold rolled twice through an intermediate annealing at 1000°C to obtain a final cold rolled sheet
of thickness: 0.23 mm.

[0341] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
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rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 20 seconds. In this case, a
resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0342] After the decarburization and primary recrystallization annealing in wet H, of 840°C, a slurry of an annealing
separator having a composition of MgO(5%), Al,03(50%), CaSiO3(15%) and SiO,(30%) is applied to the surface of the
steel sheet and subjected to temperature-holding annealing at 850°C for 50 hours to develop secondary recrystallized
grains strongly aligned in Goss orientation and subjected to purification annealing in dry H, of 1220°C.

[0343] The thus obtained silicon steel sheet having no forsterite film is immersed in an aqueous solution of SiCly: 55
cc dissolved in 1500 cc of a distilled water at 85°C for 60 seconds. Thereafter, the silicon steel sheet is further immersed
in an aqueous solution of SiCly: 15 cc dissolved in 1500 cc of a distilled water at 90°C for 15 seconds and treated in a
mixed gas of N5(50%) + H5(50%) at 900°C.

[0344] Thereafter, it is immersed in a treating solution (80°C) obtained by diluting 200 cc of a coating solution for ten-
sion insulating film consisting essentially of aluminum phosphate and colloidal silica with 2000 cc of a distilled water and
adding SiCly: 20 cc to the diluted solution for 40 seconds and subjected to a heat treatment in a mixed gas of N»(93%)
+ Hy(7%) at 950°C for 3 minutes to form a base film having a thickness: 0.4 um.

[0345] Thereafter, a coating solution for tension insulating film consisting essentially of colloidal silica and aluminum
phosphate is coated on the surface of the steel sheet, dried and baked at 800°C to form a tension insulating film having
a thickness: about 2.5 pm.

[0346] The magnetic properties and adhesion property in the thus obtained product are as follows.

Magnetic properties Bg: 1.88T
W17/50: 0.65 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

[0347] After the above product is subjected to a strain relief annealing at 800°C for 3 hours, the magnetic properties
are examined to obtain results as follows:

Magnetic properties Bg: 1.88T
W17/50: 0.64 W/kg

Example 18

[0348] A continuously cast slab of silicon steel having a composition of C: 0.073 wt%, Si: 3.42 wt%, Mn: 0.076 wt%,
Se: 0.020 wt%, Sb: 0.025 wt%, Al: 0.020 wt%, N: 0.0074 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1340°C for 5 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 1000°C and cold rolled twice through an intermediate annealing at 1030°C
to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0349] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 20 seconds. In this case, a
resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0350] After the decarburization and primary recrystallization annealing in wet H, of 850°C, a slurry of an annealing
separator having a composition of MgO(5%), CaO(25%), Al,03(30%), CaSiO3(10%), SiO»(20%) and PbCl,(20%) is
applied to the surface of the steel sheet and annealed at 850°C for 15 hours and temperature is raised from 850°C to
1050°C at a rate of 12°C/h to develop secondary recrystallized grains strongly aligned in Goss orientation and sub-
jected to purification annealing in dry H, of 1220°C.

[0351] The surface of the thus obtained silicon steel sheet having no forsterite film is treated under the following two
conditions.

@ Itis immersed in an aqueous solution of HCI: 25 cc, H3PO4: 25 cc and SiCly: 45 cc dissolved in 1500 cc of a

distilled water at 85°C for 60 seconds.
@ After the treatment of the item (D, the surface of the steel sheet is further subjected to chemical polishing with
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a mixed solution of (3% HF + 97% H,0,).

[0352] Then, each of the steel sheets is immersed in an aqueous solution of SiCl,: 20 cc dissolved in 1500 cc of a
distilled water at 80°C for 20 seconds.

[0353] Thereafter, it is immersed in a treating solution (80°C) obtained by adding SiCly: 25 cc, AICI3: 5 g and H3BOy:
10 g to a diluted solution obtained by dissolving 250 cc of a coating solution for tension insulating film consisting essen-
tially of magnesium phosphate and colloidal silica in 1500 cc of a distilled water for 20 seconds to from a base film hav-
ing a thickness: 0.3 um.

[0354] Thereafter, a coating solution for insulating film consisting essentially of magnesium phosphate and chromic
acid is applied onto the surface of the steel sheet at a thickness of 0.5 um and then a coating solution for tension insu-
lating film consisting essentially of colloidal silica and magnesium phosphate is coated thereon, dried and baked at
800°C to form a tension insulating film having a thickness: about 1.0 um.

[0355] The magnetic properties and adhesion property in the thus obtained product are as follows.

Silicon steel sheet treated under the condition @)
[0356]

Magnetic properties Bg: 1.91T
W17/50: 0.65 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

Silicon steel sheet treated under the condition @
[0357]

Magnetic properties Bg: 1.91T
W17/50: 0.62 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

Example 19

[0358] A continuously cast slab of silicon steel having a composition of C: 0.076 wt%, Si: 3.32 wt%, Mn: 0.071 wt%,
Se: 0.020 wt%, Sb: 0.025 wt%, Al: 0.020 wt%, N: 0.0068 wt% and Mo: 0.012 wt% and the remainder being substantially
Fe is heated at 1350°C for 4 hours and hot rolled to obtain a hot rolled sheet of thickness: 2.0 mm. The hot rolled sheet
is subjected to normalization annealing at 1000°C and cold rolled twice through an intermediate annealing at 1050°C
to obtain a final cold rolled sheet of thickness: 0.23 mm.

[0359] Then, an etching resist ink consisting essentially of an alkyd resin is applied onto the surface of the final cold
rolled sheet by gravure offset printing so as to leave linear non-coated portions of width: 200 um at an interval: 4 mm in
a direction substantially perpendicular to a rolling direction, and baked at 200°C for about 20 seconds. In this case, a
resist thickness is 2 um. The steel sheet coated with the etching resist is subjected to an electrolytic etching to form lin-
ear grooves of width: 200 um and depth: 20 um and then immersed in an organic solvent to remove the resist. In this
case, the electrolytic etching is carried out in NaCl electrolyte under conditions of current density: 10 A/dm? and treating
time: 20 seconds.

[0360] After the decarburization and primary recrystallization annealing in wet H, of 840°C, a slurry of an annealing
separator having a composition of MgO(5%), CaO(25%), Al,03(30%), CaSiO3(10%), SiO»(20%) and PbCl,(10%) is
applied to the surface of the steel sheet and annealed at 850°C for 15 hours and temperature is raised from 850°C to
1080°C at a rate of 12°C/h to develop secondary recrystallized grains strongly aligned in Goss orientation and sub-
jected to purification annealing in dry H, of 1220°C.

[0361] The thus obtained silicon steel sheet is immersed in an aqueous solution of HCI: 30 cc, H3POy4: 25 cc and
SiCly: 25 cc dissolved in 1500 cc of a distilled water at 85°C for 60 seconds. Thereafter, the surface of the steel sheet
is further subjected to chemical polishing in a mixed solution of (3% HF + 97% H»,0,).

[0362] Then, the silicon steel sheet is treated in a vacuum glow box in N, atmosphere as follows.

[0363] That is, the silicon steel sheet is immersed in an aqueous solution of SiCly: 20 cc dissolved in 1500 cc of a
distilled water at 90°C for 10 seconds and then exposed in N, atmosphere for 5 seconds. This treatment is repeated
three times.

[0364] Thereafter, it is immersed in a treating solution (80°C) obtained by diluting 250 cc of a coating solution for ten-
sion insulating film consisting essentially of magnesium phosphate and colloidal silica with 1500 cc of a distilled water
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and adding SiCly: 25 cc, AICI5: 5 g and H3BO4: 10 g to the diluted solution for 20 seconds to form a base film having a
thickness: 0.3 um.

[0365] Thereafter, a coating solution for insulating film consisting essentially of magnesium phosphate and chromic
acid is applied onto the surface of the steel sheet at a thickness of 0.5 um and then a coating solution for tension insu-
lating film consisting essentially of colloidal silica and magnesium phosphate is coated thereon, dried and baked at
800°C to form a tension insulating film having a thickness: about 1.0 um.

[0366] The magnetic properties and adhesion property in the thus obtained product are as follows.

Magnetic properties Bg: 1.91T
W17/50: 0.62 W/kg
Adhesion property good without peeling by 180° bending on a round rod of diameter: 20 mm

INDUSTRIAL APPLICABILITY

[0367] According to the invention, the interface layer including nitride-oxide of one or more selected from Fe, Si, Al
and B is formed at the interface between the matrix surface and the tension insulating film in the silicon steel sheet,
whereby the core loss can considerably be reduced and also the compression stress property of magnetostriction can
effectively be improved and further the improvement of production efficiency and the decrease of cost can be attained.

Claims

1. A ultra-low core loss grain oriented silicon steel sheet provided on its surface with a tension insulating film consist-
ing essentially of a phosphate and colloidal silica and having a thickness of 0.05~0.5 mm after the final annealing,
characterized in that an interface layer including nitride-oxide of one or more selected from Fe, Si, Al and B is pro-
vided at an interface between a matrix surface of the steel sheet and the tension insulating film.

2. A ultra-low core loss grain oriented silicon steel sheet according to claim 1, wherein the interface layer is an
extremely thin Si-containing nitride-oxide layer.

3. A ultra-low core loss grain oriented silicon steel sheet according to claim 1, wherein the interface layer is an
extremely thin base film formed by finely dispersing nitride-oxide of one or more selected from Fe, Si, Al and B into
the same film components as the tension insulating film.

4. A ultra-low core loss grain oriented silicon steel sheet according to claim 1, 2 or 3, wherein the matrix surface of the
steel sheet is provided with linear concave regions having a width: 50~500 um and a depth: 0.1~50 um at an inter-
val of 2~10 mm in a direction crossing to a rolling direction.

5. A ultra-low core loss grain oriented silicon steel sheet according to claim 1, 2, 3 or 4, wherein the surface of the
grain oriented silicon steel sheet after the final annealing is a surface subjected to a smoothening treatment.

6. A ultra-low core loss grain oriented silicon steel sheet according to claim 1, 2, 3 or 4, wherein the surface of the
grain oriented silicon steel sheet is a surface not subjected to a smoothening treatment but subjected to a pickling
treatment.

7. A method of producing a ultra-low core loss grain oriented silicon steel sheet, which comprises coating a solution
containing one or more compounds selected from Fe, Si, Al and B onto a surface of a grain oriented silicon steel
sheet having a thickness of 0.05~0.5 mm after the final annealing to from an interface layer containing at least a
slight amount of nitride-oxide of one or more selected from Fe, Si, Al and B, and then forming a tension insulating
film according to a usual manner.

8. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 7, wherein a solu-
tion containing Si compound is used as the coating solution and this solution is coated onto the surface of the grain
oriented silicon steel sheet to adhere a slight amount of Si to the surface of the steel sheet at an active state.

9. A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 8, wherein after

the slight amount of Si is adhered to the surface of the grain oriented silicon steel sheet at the active state by coat-
ing the solution containing Si compound, it is exposed to a N-containing non-oxidizing atmosphere.
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A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 7, wherein after
the slight amount of Si is adhered to the surface of the grain oriented silicon steel sheet at the active state by coat-
ing the solution containing Si compound, it is subjected to a heat treatment in a non-oxidizing atmosphere for a
short time to form nitride-oxide layer containing an extremely thin Si on the surface of the steel sheet.

A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 7, wherein a treat-
ing solution obtained by adding a slight amount of an inorganic compound including one or more selected from Fe,
Si, Al and B to a diluted solution of a coating solution for tension insulating film consisting essentially of a phosphate
and colloidal silica diluted with water is used as the coating solution and this treating solution is coated and dried
onto the surface of the grain oriented silicon steel sheet to adhere a slight amount of the inorganic compound
including one or more selected from Fe, Si, Al and B to the surface of the steel sheet.

A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 11, wherein after
the slight amount of the inorganic compound including one or more selected from Fe, Si, Al and B is adhered to the
surface of the steel sheet by coating the treating solution obtained by adding a slight amount of an inorganic com-
pound including one or more selected from Fe, Si, Al and B to a diluted solution of a coating solution for tension
insulating film consisting essentially of a phosphate and colloidal silica diluted with water, it is subjected to a heat
treatment in a non-oxidizing atmosphere for a short time to form an extremely thin base film formed by finely dis-
persing nitride-oxide of one or more selected from Fe, Si, Al and B into the same film components as the tension
insulating film on the surface of the steel sheet.

A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 11 or 12, wherein
before the coating of the treating solution obtained by adding a slight amount of an inorganic compound including
one or more selected from Fe, Si, Al and B to a diluted solution of a coating solution for tension insulating film con-
sisting essentially of a phosphate and colloidal silica diluted with water, the grain oriented silicon steel sheet is
immersed in an aqueous solution of SiCl, or a chloride consisting essentially of SiCl, to dissolve a surface of a
matrix.

A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 13, wherein after
the immersion treatment of the grain oriented silicon steel sheet in the aqueous solution of SiCl4 or a chloride con-
sisting essentially of SiCly, the surface of the steel sheet is subjected to an exposure treatment exposing in N-con-
taining non-oxidizing atmosphere.

A method of producing a ultra-low core loss grain oriented silicon steel sheet according to any one of claims 7-14,
wherein linear concave regions having a width: 50~500 um and a depth: 0.1~50 um are formed on the matrix sur-
face of the steel sheet at an interval of 2~10 mm in a direction crossing to rolling direction.

A method of producing a ultra-low core loss grain oriented silicon steel sheet according to any one of claims 7~14,
wherein the surface of the grain oriented silicon steel sheet after the final annealing is a surface subjected to a
smoothening treatment.

A method of producing a ultra-low core loss grain oriented silicon steel sheet according to any one of claims 7~14,
wherein the surface of the grain oriented silicon steel sheet is a surface not subjected to a smoothening treatment
but subjected to a pickling treatment.

A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 16 or 17, wherein
the smoothening treatment or the pickling treatment is carried out by using an aqueous solution containing SiCly.

A method of producing a ultra-low core loss grain oriented silicon steel sheet according to claim 18, wherein after

the smoothening treatment or the pickling treatment using the aqueous solution containing SiCly, the surface of the
steel sheet is subjected to an exposure treatment exposing in N-containing non-oxidizing atmosphere.

38



EP 0971 374 A1

(;Wi/8y) 0 SSaI1S U015S8.1duoy)

60 &0 L0 90 S0 v0 &0 20 10 0
| | | ] ] I | 1 |
— T \\\! T
(8) 9jduexy uorjuaauf \
(q) ojduexg uoljusAuy \\

/

\ (°) ojduexg [BUOIIUSAUOY
/

[ 014

S
~

Magnetostriction App(x10 )

39



(9) (8)

surgtd

P—
pozi[[R1SAI094 AJBpUOIBS suress

FDBZ] [ [R1SAIO8] AIBDUOISBS

P 928JINS pausyioous 9-0I X &I
1S Uyl S

0% \eq

s, < 039 ‘9pIx0 ‘sprjng

A[ewer)xs Sururgjuoo 7/

16A8] OPIX0-8PIIIIN m\\q 4 |
i \ \\\\AIE 1j 9114931810y

EP 0971 374 A1

wf1y Supjg[nsuy \\\\\\\ﬁ
H .v_.. Cm g mpry surjgrnsuy

¢ I1d

40



EP 0971 374 A1

100Yys
[9915 UODI[IS — =
pajuario-ureln

uo os pue g1y
‘94 ‘1S JO 9pIXo0
~9pIIIIU Y1 1M

pastedsip A[eury —>»L

wyr) punot8iepun
uryr Lrawaryxy

urty
Zurigynsu;
uoyrsusj

jo8ys
8815 UODI[IS —>»
paIuaII0-UIBlY

ul1j o1weIsd Uyl

urig
Surjernsuyt
uojsugj

FEEN
[981S UODI[IS —
pajusrio-urely

ajiy
Suriernsuy
uossugj

41



Strength (CPS)

EP 0971 374 A1

FIG. 4

F62Si04
F85j03

Si0, Metallic Si

W

I i 1 ] 1 1 1

108 106 104 102 100 98 96
Bond energy (eV)

42



Core loss W,y s(W/kg)

0.70

0. 60

0. 50

EP 0971 374 A1

FIG. 5

O (4) step
m (B) step
VvV (C) step

\Y/
| y
E, Preferable range \?
| . 1 | .
0 L0 2.0 3.0 4.0

Decreased thickness of steel sheet (um)

43



10°¢

10°

10*

10°

10%

10

EP 0971 374 A1

FIG. 6

Chemical polished material

SiCl, Treated material

d

e ——————

4

I
0 300

| L
600 900

Thickness (nm)

44



EP 0971 374 A1

INTERNATIONAL SEARCH REPORT

International application No.

PCT/JP98/05817

A.  CLASSIFICATION OF SUBJECT MATTER
Int.Cl® HO1F1/18

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbois)

Int.Cl® HO1F1/18

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Jitsuyo Shinan Koho
Kokai Jitsuyo Shinan Koho

1926-1996
1971-1999

Toroku Jitsuyo Shinan Koho
Jitsuyo Shinan Toroku Koho

1994-1999
1996-1999

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y JP, 63-278209, A (Kawasaki Steel Corp.), 1, 2, 5, 7
A 15 November, 1988 (15. 11. 88) (Family: none) 3, 4, 6
Y JP, 62-63408, A (Kawasaki Steel Corp.), 1, 2, 5, 17
A 20 March, 1987 (20. 03. 87) (Family: none) 3, 4, 6
Y JP, 53-144419, A (Kawasaki Steel Corp.), 1, 2, 5, 7
A 15 December, 1978 (15. 12. 78) (Family: none) 3, 4, 6
Y JP, 9-316655, A (Toyobo Co., Ltd.), 1-3, 5
A 9 December, 1997 (09. 12. 97) (Family: none) 4, 6
X JP, 8-222423, A (Kawasaki Steel Corp.), 1, 2, 7
Y 30 August, 1996 (30. 08. 96) (Family: none) 6

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited d “T"  later d published after the inter I filing date or priority
“A”  document defining the general state of the art which is not date and not in conflict with the application but cited to understand
considered to be of particular relevance the principle or theory underlying the invention
“E”  earlier document but published on or after the international filing date  “X”  document of particular relevance; the claimed invention cannot be
“L”  document which may throw doubts on priority claim(s) or which is considered novel or cannot be considered to involve an inventive step
cited to establish the publication dale of another citation or other when the document is taken alone
special reason (as specified) “Y”  document of particular relevance; the claimed invention cannot be
“0"  document referring to an oral disclosure, use, exhibition or other idered to involve an i ive step when the document is
means combined with one or more other such doc such combi
“P”  document published prior to the international filing date but later than being obvious to a person skilled in the art
the priority date claimed “&”"  document member of the same patent family

Date of the actual completion of the international search

16 March, 1999 (16. 03. 99)

Date of mailing of the international search report

30 March, 1999 (30. 03. 99)

Name and mailing address of the ISA/
Japanese Patent Office

Facsimile No.

Authorized officer

Telephone No.

Form PCT/ISA/210 (second sheet) (July 1992)

45




	bibliography
	description
	claims
	drawings
	search report

